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Abstract

The spin dynamics in optically excited paramagnetic diluted magnetic semiconductors is
investigated. To this end, a quantum kinetic density matrix theory which was developed
by Christoph Thurn is applied, analyzed and extended.

Earlier studies which mainly concentrated on the case of a vanishing magnetization of
the magnetic impurities revealed that the spin dynamics of optically excited electrons in
three-dimensional systems is well reproduced by rate equations, where the rates can be
derived from the Markovian limit of the quantum kinetic equations and coincide with the
result of Fermi’s golden rule. In two-dimensional systems, however, deviations between
quantum kinetic simulations and results of Markovian rate equations in the form of non-
monotonic overshoots of the carrier spin polarization below its asymptotic value for long
times have been discovered.

In the present thesis, first, Thurn’s quantum kinetic theory is applied to the case of
finite impurity magnetization and equations in the Markovian limit are derived which
reproduce well the quantum kinetic results and whose form has notable similarities to
Landau-Lifshitz-Gilbert equations. The derived effective equations are then applied to
study the competition between the spin-orbit coupling and the carrier-impurity exchange
interaction. For this purpose, the quantum kinetic equations are extended and in addition
to the exchange interaction, also k-dependent effective fields together with carrier and
impurity Zeeman energies are accounted for. This further enables the derivation of
explicit expressions for the magnetic-field dependence of the spin transfer rates from the
quantum kinetic equations. In contrast to the prevalent theories in the literature, the
rate equations obtained here conserve the single-particle energies.

The causes and conditions for the appearance of non-Markovian effects are investigated
more thoroughly. It is found that the non-Markovian behavior of the spin dynamics
is particularly pronounced if carriers are excited in close proximity to the band edge.
Accounting explicitly for the correlations between carriers and impurities in the quantum
kinetic theory enables a discussion of genuine many-body effects like a renormalization
of the precession frequency of the carrier spins for a finite impurity magnetization and a
build-up of correlation energy.

Subsequently, the optical excitation of diluted magnetic semiconductors is taken into
account on a quantum kinetic level in order to identify optimal excitation conditions
for the detection of non-Markovian effects. Furthermore, it is investigated whether an
efficient control of the spin dynamics in semiconductors with spin-orbit interaction by
excitation with light with orbital angular momentum (twisted light) is possible. However,
it is found that in extended systems, the spin dynamics after the optical excitation is
nearly independent of the orbital angular momentum of the light.

Finally, the quantum kinetic theory is extended to account also for the scattering of
carriers at a non-magnetic impurity potential which, in addition to the magnetic carrier-
impurity interaction, originates from the doping with magnetic ions. It is found that the
non-magnetic scattering leads to a redistribution of carriers in k-space, which can strongly




suppress some of the non-Markovian effects. Simultaneously, the build-up of strong non-
magnetic correlations also results in a considerable enhancement of genuine many-body
effects and increases the regime of parameters in which a significant renormalization of
the carrier spin precession frequency can be expected.
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Kurzzusammenfassung

Die Spindynamik in optisch angeregten paramagnetischen verdiinnt magnetischen Halb-
leitern wird untersucht. Zu diesem Zweck wird eine quantenkinetische Dichtematrixtheo-
rie, die von Christoph Thurn entwickelt wurde, verwendet, analysiert und erweitert.

Frithere Studien, die sich hauptséchlich auf den Fall verschwindender Magnetisierung
der magnetischen Dotieratome konzentrierten, ergaben, dass die Spindynamik optisch
angeregter Elektronen in dreidimensionalen Systemen gut mit Ratengleichungen repro-
duziert werden kann, wobei die Raten aus dem Markovschen Grenzfall der quantenkineti-
schen Gleichungen hergeleitet werden kénnen und mit dem Ergebnis von Fermis Goldener
Regel iibereinstimmen. In zweidimensionalen Systemen konnten jedoch Abweichungen
zwischen quantenkinetischen Simulationen und den Ergebnissen der Markovschen Ra-
tengleichungen in der Form eines nicht-monotonen Uberschwingens der Ladungstriger-
spinpolarisation iiber ihren asymptotischen Wert fiir lange Zeiten aufgezeigt werden.

In dieser Arbeit wird zunéchst Thurns quantenkinetische Theorie auf den Fall end-
licher Magnetisierung der magnetischen Ionen angewandt und Gleichungen im Mar-
kovschen Grenzfall hergeleitet, die die quantenkinetischen Ergebnisse gut reproduzie-
ren und deren Form deutliche Ahnlichkeiten mit Landau-Lifshitz-Gilbert-Gleichungen
aufweist. Die hergeleiteten effektiven Gleichungen werden anschliefend benutzt, um die
Konkurrenz zwischen Spin-Bahn-Wechselwirkung und Austauschwechelwirkung zwischen
Ladungstrigern und magnetischen Dotieratomen zu untersuchen. Dazu werden die quan-
tenkinetischen Gleichungen erweitert und zusétzlich zur Austauschwechselwirkung auch
k-abhéngige effektive Felder zusammen mit Zeeman-Energien fiir Ladungstrager und
magnetische lTonen beriicksichtigt. Dies erméglicht auch die Herleitung von expliziten
Ausdriicken fiir die Magnetfeldabhéngigkeit der Spin-Transfer-Raten aus den quantenki-
netischen Gleichungen. Im Gegensatz zu den géingigen Theorien in der Literatur erhalten
die hier gewonnenen Ratengleichungen die Ein-Teilchen-Energie.

Zudem werden die Ursachen und Bedingungen fiir das Auftreten nicht-Markovscher
Effekte ndher untersucht. Dabei ergibt sich, dass sich nicht-Markovsches Verhalten der
Spindynamik besonders deutlich zeigt, wenn Ladungstriger in unmittelbarer Néhe zur
Bandkante angeregt werden. Die explizite Beriicksichtigung der Korrelationen zwischen
Ladungstrigern und Dotieratomen in der quantenkinetischen Theorie ermoglicht die Dis-
kussion reiner Vielteilcheneffekte, wie z.B. einer Renormierung der Prézessionsfrequenz
der Ladungstragerspins fiir endliche Magnetisierungen der Dotieratome und den Aufbau
von Korrelationsenergie.

Danach wird die optische Anregung von verdiinnt magnetischen Halbleitern auf der
Ebene der Quantenkinetik beriicksichtigt, um optimale Anregungsbedingungen fiir den
Nachweis nicht-Markovscher Effekte zu identifizieren. Auflerdem wird untersucht, ob ei-
ne effiziente Kontrolle der Spindynamik in Halbleitern mit Spin-Bahn-Wechselwirkung
durch Anregung mit Licht mit Bahndrehimpuls (Twisted Light) moglich ist. Jedoch zeigt
sich, dass in ausgedehnten Systemen die Spindynamik nach der optischen Anregung na-
hezu unabhéngig vom Bahndrehimpuls des Lichts ist.
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Schliellich wird die quantenkinetische Theorie noch erweitert, um der Streuung von La-
dungstriagern an nichtmagnetischen Stérpotentialen Rechnung zu tragen, die zusétzlich
zur magnetischen Ladungstriger-Dotieratom-Wechselwirkung durch die Doteriung mit
magnetischen ITonen zustande kommt. Dabei ergibt sich, dass die nichtmagnetische Streu-
ung zu einer Umverteilung von Ladungstriagern im k-Raum fiihrt, die einige der nicht-
Markovschen Effekte in der Spindynamik deutlich unterdriicken kann. Gleichzeitig fiihrt
der Aufbau starker nichtmagnetischer Korrelationen auch zu einer deutlichen Verstérkung
echter Vielteilcheneffekte und vergroflert den Parameterbereich, in dem eine signifikante
Renormierung der Ladungstriagerspinprézessionsfrequenz zu erwarten ist.
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Introduction & Background







1. Introduction

1.1. Motivation

The idea behind the spintronics paradigm [1, 2| is to utilize the spin degree of freedom of
carriers instead of or in addition to the charge degree of freedom used in conventional elec-
tronic devices in order to enhance their properties with respect to, e.g., processing speed
or power consumption [2]. So far, technological applications of spintronics are mostly
confined to metallic magnetic devices [3], such as hard disk read heads based on the
giant magnetoresistance effect in ferromagnetic-non-magnetic—ferromagnetic sandwich
structures [4, 5]. This effect exploits the fact that the transmission of carriers through
a non-magnetic—ferromagnetic interface strongly depends on the direction of the carrier
spin with respect to the magnetization of the ferromagnet. Similar effects constitute the
basis for a number of proposals for more advanced spintronics devices, such as spin valves
and spin transistors [1, 3, 6] or magnetoresistive random access memories (MRAMs) [7].
However, some of these devices, in particular the spin transistors, require not only the
control of the number of spin-up and spin-down electrons, but also of the coherences be-
tween spin-up and spin-down states of the individual carriers. Due to the large number
of carriers in a metal, the carrier-carrier scattering leads to a fast dephasing of electron
spins, making spin transistors based on metallic devices unlikely [3]. This difficulty can
be overcome if the non-magnetic parts of the heterostructures are composed of semicon-
ductor materials, whose spin dephasing times can be up to 3 orders of magnitude longer
than in metallic systems [3].

However, the semiconductor spintronics approach faces a new problem: The electrical
spin injection from a metallic ferromagnetic to a semiconductor is very inefficient due to
the conductivity mismatch between the metal and the semiconductor [8]. One strategy
to circumvent the conductivity mismatch problem is to use magnetic semiconductors
instead of the ferromagnetic metal as a spin injector [9]. To make a semiconductor
magnetic, it can be doped with transition metal elements, which have a partially filled
d shell resulting in a strong magnetic moment. The systems obtained this way form the
material class of diluted magnetic semiconductors (DMS) [10]. While most DMS are
paramagnetic, ferromagnetism can be achieved in certain materials, e.g., Ga;_,Mn,As,
if the doping concentration = exceeds a few percent [11]. The reason for this is that the
substitutional incorporation of group-II Mn ions on lattice positions of group-III Ga ions
leads also to a strong p-doping of the DMS. These holes mediate an effective magnetic
impurity-impurity interaction responsible for the ferromagnetism [12]. The main obstacle
for commercial applications based on ferromagnetic DMSs is that the Curie temperatures
are usually well below room temperature [13]. To this day, the details of the microscopic
mechanism responsible for ferromagnetism in Ga;_,Mn,As are still debated [14] and
investigations in this direction continue [15].

While most proposals for applications rely on spin-dependent transport properties, a
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more fundamental understanding of the spin physics of DMS is often obtained by optical
means: Information about the formation of exciton, trion and donor acceptor states
as well as the impurity magnetization via the carrier spin splitting can be obtained
by photoluminescense measurements [16] and the magnetization dynamics in DMS can
be extracted, e.g., from time-resolved magneto-optical Kerr rotation [17, 18], Faraday
rotation [19] or circular dichroism [20] experiments. Although the time evolution of
the carrier spin has been probed since the 90s, there is so far no microscopic theory
that can accurately predict such basic quantities as the carrier spin decay rate and its
magnetic field dependence, even in the simplest cases like in n-doped very dilute magnetic
Cd;_,Mn,Te quantum wells [21].

In order to advance the theoretical understanding of the spin dynamics in DMS,
Christoph Thurn laid the grounds for a comprehensive quantum kinetic description based
on a density matrix theory taking into account the many-body correlations between car-
riers and impurities in DMS [22-24]. This theory enables the study of coherent optical
excitation of electrons from the valence to the conduction band and the onset of a pre-
cession of the carrier and impurity spins as well as spin-flip scattering mediated by the
carrier-impurity correlations. It was found that in certain situations, the carrier-impurity
spin transfer dynamics can deviate strongly from a simple exponential behavior [23, 24],
which is predicted by theories that do not take into account the finite memory due to
the build-up of carrier-impurity correlations, such as models based on rate equations
21, 25-27] or on a projection operator method [28].

However, the accuracy of the microscopic approach entails the drawback that the de-
rived equations of motion are lengthy and numerically challenging. The complexity of
the equations makes it difficult to develop an intuition about the physical meaning of
the individual terms in the equations. The numerical demands impede a brute-force
approach to an exhaustive investigation of the dependence of the spin dynamics on the
material parameters and excitation conditions. Furthermore, so far, only the s/p-d ex-
change interaction between carriers and impurities as well as the light-matter interaction
for the description of the optical excitation has been considered, whereas in realistic sam-
ples a number of other interactions might influence the spin dynamics. These include
non-parabolicities and spin-orbit coupling terms in the crystal Hamiltonian [29, 30|, con-
finement and strain effects in quantum wells and heterostructures [31], non-magnetic
impurity scattering [25], acceptor bound states, e.g., in GaMnAs [13, 15], Coulomb cor-
relations causing exciton and trion formation [32-34] and carrier-carrier exchange inter-
actions [35], effects due to the disorder in the distribution of impurity positions as well as
an inhomogeneous impurity magnetization [36] and, finally, the interaction with external
electric and magnetic fields used in experiments, e.g., in time-resolved magneto-optical
Kerr measurements [19].

Thus, Thurn’s work marks only the beginning of a comprehensive and systematic
investigation of a number of different aspects of the spin dynamics in DMS based on a
quantum kinetic description. In the present thesis, Thurn’s quantum kinetic theory is
analyzed in great detail and numerical simulations as well as analytical limiting cases
are presented that enable a more thorough understanding of the phyiscs captured in
the quantum kinetic theory. Besides investigating Thurn’s quantum kinetic equations in
cases which have been largely unexplored so far, the theory is extended to incorporate
other interactions, such as external magnetic fields, spin-orbit coupling effects and non-
magnetic impurity scattering on a quantum kinetic level.




1.2. Outline

In particular, we discuss under which circumstances a Markovian description in terms
of rate equations is appropriate and when genuine quantum kinetic effects beyond the
Markovian approximation become important. In cases, where the Markovian picture is
justified, carrier-impurity spin transfer rates are derived, which is not straightforward in
the presence of an external magnetic field and non-zero impurity magnetization. Also,
non-perturbative many-body correlation effects are investigated which have a number
of different consequences, such as a renormalization of the precession frequencies in the
presence of an external magnetic field or the release of energy due to the build-up of
strong carrier-impurity correlations, which results in characteristic signatures in the spin
dynamics of optically excited DMS.

1.2. Outline

This thesis is based on 10 publications which can be found at the end of this document
in part IV. In order to make the subject of these publications more accessible, we first
provide the reader with a basic summary of the usual description of the spin dynamics
in non-magnetic semiconductors and DMS in the literature in chapter 2. Since the pub-
lications presented in this thesis rely heavily on the previous work by Christoph Thurn,
we recapitulate Thurn’s quantum kinetic theory to the necessary extent in chapter 3.

The publications are introduced in part II where, first, in chapter 4, the open questions
after Thurn’s work are summarized and, after the necessary concepts are introduced,
a more detailed overview of the publications is given. In chapter 5, Thurn’s quantum
kinetic theory is applied to the case of non-zero impurity magnetization and it is discussed
how effective equations can be derived in the Markov limit that reproduce well the full
quantum kinetic spin dynamics in bulk DMS. The Markovian equations are then used in
chapter 6 to study the interplay between the carrier-impurity interaction and spin-orbit
coupling in the form of Dresselhaus and Rashba fields. Subsequently, it is discussed in
chapter 7 under which circumstances the results of the quantum kinetic equations deviate
from the predictions of a Markovian effective single-particle description. In chapter 8, it
is studied how the spin dynamics can be controlled by the optical excitation conditions
such as the duration of a pump pulse or the orbital angular momentum of the light. After
that, the influence of the scattering of carriers at a spin-independent disorder potential
originating from the magnetic doping of the semiconductor is investigated in chapter 9.

Finally, the central findings of the publications are summarized and some suggestions
and preliminary results for further studies are presented in part III.







2. Spin dynamics in DMS: state of the
art

2.1. Spin dynamics in non-magnetic semiconductors

Before discussing the spin dynamics in DMS; it is necessary to acquire a rough under-
standing about the basic notions and practices in the more general field of spin physics
in, in general, non-magnetic semiconductors. This topic has a long history and it is
beyond the scope of this thesis to cover it in detail. For a more comprehensive review,
the reader is referred to the review article of Wu et al. [37] which is the basis for the
following summary.

2.1.1. Basic band structure and optical excitation

The most frequently studied DMS are based on II-VI and III-V compound semiconduc-
tors [13], which typically crystallize in zinc-blende structure and have a direct band gap
at the I'-point (k=0). There, the lowest conduction band states have s-type symmetry
and are two-fold degenerate, while the highest valence band is of p-type and contains 6
valence subbands in total [38]. At k = 0, the energy eigenstates of the crystal Hamilto-
nian can be written as Bloch states composed of plane waves and periodic Bloch functions
that are eigenstates of the total angular momentum operator j = 1+ s, where 1 is the
orbital angular momentum of the periodic Bloch function and s is the spin [39]. Further-
more, it can be shown that, in the absence of external fields, confinement and strain, the
valence band forms a set of 4 degenerate heavy- and light-hole subbands corresponding
to g = % and 2 split-off subbands with j = %, which are typically energetically far below
the heavy- and light hole states. For k # 0 or in the presence of a confinement potential
or strain, the symmetry is reduced and heavy- (j, = £2) and light holes (j. = +1) are
split from each other. This situation is depicted in Fig. 2.1.

In addition to the band structure, Fig. 2.1 also shows the allowed transitions between
the conduction band and the heavy- and light-hole subbands for optical excitation with
circularly polarized light. From these selection rules it is immediately clear how one
can, in principle, study the spin dynamics in semiconductors experimentally. If the
heavy- and light-hole bands are significantly split and the semiconductor is excited by
a laser beam with circular polarization, say o¢~, which is tuned in resonance with the
heavy-hole—-conduction-band transition energy, only conduction band electrons with spin
S, = —i—% are excited and valence band electrons with j, = +% are removed, i.e., holes
with total angular momentum j, = —% are generated. This procedure is called optical
orientation [40] and also works to some degree in the case where heavy- and light-hole
bands are degenerate, since the heavy-hole-conduction-band and light-hole-conduction-
band transitions have different strengths.
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Figure 2.1.: Schematic of a band structure of a direct band gap semiconductor in the presence of
confinement or stain. The states at k = 0 are eigenstates to the j, operator with eigenvalues i% and

i%, respectively. The total-angular-momentum selection rule between the conduction band (highest

parabola) and the heavy- (second parabola) and light-hole band (third parabola) for optical excitation
with light with helicity o* are depicted. Transitions from the split-off band (lowest parabola) are not
shown.

In the simplest case, information about the spin dynamics can be extracted by looking
at the polarization of the photoluminescence after a short circularly polarized pump
pulse. Alternatively, one can consider the change of certain response functions in the
presence of spin-polarized carriers, which can be tested experimentally, e.g. by probing
the system with a second light pulse that is delayed with respect to the pump pulse. Such
pump-probe experiments are the basis for most modern setups and enable a tracking of
the carrier spin polarization with time-resolutions of about 200 fs [18, 19].

2.1.2. k-dependent effective magnetic fields

The spin dynamics in semiconductors immediately after the optical orientation is de-
termined by contributions to the Hamiltonian which do not commute with the spin
operator. For the conduction band electrons, these terms can be written in the form of
a k-dependent effective magnetic field. To understand the origin of these effective fields,
one has to study the band structure beyond the parabolic approximation depicted in
Fig. 2.1. The effective field can be obtained directly from k.p-theory, which is exten-
sively covered in the books by Bastard [31] or Winkler [39]. Here, we only sketch the
essential steps that are necessary to understand the origin of the effective field.

In general, the electrons in a semiconductor are subject to the Coulomb interaction
with nuclei and other electrons. This leads to a complicated many-body problem that
requires some approximations in order to be solvable. Often, one tries to find a suitable
effective single-particle theory for semiconductor electrons, where the Coulomb interac-
tions are modeled by an effective single-particle crystal potential V4. The exact form of
the crystal potential is unknown, but it is assumed that the crystal potential has the
same symmetry as the crystal itself. The discrete translational invariance of the crystal
lattice has the consequence that, according to the Bloch theorem, the electronic energy
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eigenstates of the crystal Hamiltonian can be written as products of plane waves and
periodic Bloch functions u,(r), i. e.,
L

@Zznk(r) = Wei

where wu,,(r) has the same periodicity as the crystal lattice. Here, n labels the different
subbands.

Tunk(r), (2.1)

In typical direct gap II-VI and III-V semiconductors, the I'-point (k = 0) is a high
symmetry point, where the periodic Bloch functions wu,x—o(r) of bulk systems! coincide
with the eigenstates of the j, operator (cf. situation depicted in Fig. 2.1). Together with
the degeneracies of the subbands known from symmetry considerations this enables a
description of the crystal Hamiltonian at k = 0 with only a few independent parameters,
which can be obtained in optical experiments. At k # 0, the periodic Bloch functions
Unko are not known, but since the periodic Bloch functions u,g at k = 0 form a complete
basis in the set of lattice-periodic functions, the states u,x at k # 0 can be decomposed
into linear combinations of the periodic functions at k = 0.

With this in mind, we can formulate the idea of k.p-theory: The crystal Hamiltonian
is written in the form of a matrix in the basis of states similar to the Bloch states
in Eq. (2.1), except that the known periodic Bloch functions wu,, at k = 0 are used
instead of u,,. This yields an eigenvalue problem for every k-state in the form of a
matrix diagonalization. The matrix elements of the crystal Hamiltonian are, in general,
unknown, but they can be formally expanded in terms of polynomials in k. Group
theory is used to classify these polynomials according to their transformation properties.
Only a small subset of polynomials of a given order in k are compatible with the crystal
symmetry, which drastically reduces the number of free parameters in the off-diagonal
elements.

Usually [31, 39], only terms up to O(k?) are taken into account and one focuses on the
8 subbands depicted in Fig. 2.1. In the basis described above, the crystal Hamiltonian
has off-diagonal elements between conduction and valence band states. However, in many
situations it is sufficient to concentrate either on the conduction band or on the valence
band. To this end, it is useful to block-diagonalize the crystal Hamiltonian by a suitable
unitary transformation described by a matrix Uy which is chosen such that the interband
mixing terms vanish and the transformed effective conduction band and valence band
states are decoupled:

!Note that this is only the case for the three-dimensional k-vector in bulk systems. In confined sys-
tems, the decomposition of low-energy eigenstates of the confinement problem in plane waves has
contributions of states with significant wave vector components along the confinement directions,
which can lead to a significant mixing of bands [41].
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Since the crystal Hamiltonian is diagonal at k = 0, these band mixing terms are of the
order O(k'). Thus, the block-diagonalization can be done perturbatively in terms of k.
This procedure is known as Lowdin partitioning [42] and is mathematically equivalent
to a Schrieffer-Wolff transformation [43] or a Foldy-Wouthuysen transformation [44].

This has two major consequences: First of all, the unitary transformation changes
the basis states so that the new effective conduction band states have some contribu-
tions from the original valence bands. In particular, the new basis states are not exact
eigenstates of the total angular momentum operator j,. Second, the Lowdin partitioning
introduces new contributions to the Hamiltonian in the basis of the new conduction band
states. Because the conduction band consists of only two subbands, one can rewrite the
conduction band part H¢(k) of the crystal Hamiltonian U," Hy(k)Uy in terms of a spin
independent part Eyx and a Zeeman-like term with an k-dependent effective magnetic
field Qy:

Hc(k) = Ekl + hﬂk =S, (22)

where 1 is the 2x2 identity matrix and s = %0’ with the vector of Pauli matrices o.

The general properties of the effective magnetic field €2y follow from symmetry consid-
erations. For example, without external magnetic fields the total Hamiltonian is invariant
under time reversal. This leads to Kramers degeneracy, which means that the effective
field is antisymmetric with respect to the wave vector £2_, = —€y. If the system is also
invariant under inversion, so that €2_, = €y, the effective magnetic field vanishes. Thus,
the presence of €y requires some mechanism of breaking of the inversion symmetry. In
zinc-blende structures, this symmetry breaking is provided by the crystal structure. This
results in the Dresselhaus field [29]

o2 km(kj — k?)
Qe = ﬁ'YD ky(k2 — k) | (2.3)

where vp is a material parameter that describes the strength of the Dresselhaus field.
Other sources of inversion symmetry breaking are asymmetric confinement potentials in
semiconductor heterostructures or an external electric field. This leads to the Rashba
field [30], which in two dimensions reads

2 k

10
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where o is the Rashba parameter. In a more microscopic picture, the effective magnetic
fields can be related to spin-orbit coupling.

The consequences of k-dependent effective magnetic fields for the spin dynamics in
DMS are discussed in [Pub3], [Pub4] and [Pub5]. Their influence on the spin dynamics
in non-magnetic semiconductors is described next.

2.1.3. Spin relaxation mechanisms in non-magnetic semiconductors

A comprehensive review of the spin dynamics in non-magnetic semiconductors is given in
Ref. [37]. Here, we present a rough overview of the most important spin dephasing and
relaxation mechanisms in non-magnetic semiconductors that compete with the magnetic-
impurity-induced spin dynamics in DMS.

As shown in the previous section, several sources contribute to an effective k-dependent
magnetic field for the electron spins. When a non-equilibrium electron spin polarization
is induced by optical orientation, these spins start to precess about the effective field.
Since the effective magnetic field depends on the wave vector, spins of electrons with
different wave vectors precess, in general, about different axes with different frequencies.
This leads to a dephasing of the ensemble of electron spins [45].

During the precession and dephasing, the carriers in semiconductors are subject to scat-
tering at different sources, such as other carriers, impurities or phonons. In the literature
[37, 46-48], the spin dephasing is usually described in terms of a stochastic process in
which the wave vector of an electron is changed abruptly after a characteristic momentum
relaxation time 7,. This, in turn, changes the effective magnetic field 2y for the electron
spin. If the momentum relaxation rate 7, lis large compared with the typical precession
frequency, the electron spins do not have the time to precess significantly before they get
scattered again, which effectively freezes the spin. This motional-narrowing-type of be-
havior leads to a spin dephasing time inversely proportional to the momentum relaxation
time. This process is referred to as the D’yakonov-Perel” (DP) mechanism [46].

Another process in which the spin is influenced by momentum scattering is the Elliot-
Yafet (EY) mechanism [47, 48]. This mechanism relies on the fact that, because of the
mixing between conduction and valence band states for k # 0, the states in the effective
conduction subbands after Lowdin partitioning are no longer spin eigenstates. Thus, the
scattering between energy eigenstates with different wave vectors has a finite chance of
inducing a flipping of the carrier spin, even if the interaction responsible for the scattering
is itself spin-independent, i.e., it commutes with the spin operator. In contrast to the
DP mechanism, EY predicts the spin relaxation rate to be proportional to the rate of
momentum scattering.

If there is a large number of holes in the semiconductor, electrons can also exchange
their spins with the holes, which is another relaxation channel for electron spins. This is
the essence of the Bir-Aronov-Pikus (BAP) mechanism [35].

Typically, the spin dynamics in non-magnetic semiconductors is dominated by DP and
is only challenged by BAP in strongly p-doped bulk systems [49].

For holes, the situation is much less clear, since in many cases the strong intraband
mixing leads to a very fast dephasing of hole spins, which is hard to resolve experimen-
tally. Also, the simple picture of a precessing spin vector is not applicable for the holes,
because the heavy and light holes form a spin—% system, which cannot be represented
by a dipole alone. Instead, for the heavy and light holes the quadrupole and octopole
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2. Spin dynamics in DMS: state of the art

parts have to be considered in the calculations [50]. On the other hand, in very narrow
quantum wells, where the heavy- and light-hole bands are substantially split, transitions
between them are energetically forbidden. Therefore, this splitting effectively pins the
spins of the heavy holes. Already this short discussion shows that the situation of the

valence band is complicated. Thus, for most of the thesis, we focus on the conduction
band.

2.2. Spin dynamics in DMS in the literature

Now, we introduce the DMS materials under investigation as well as the carrier-impurity
interaction, before we review the spin dynamics in DMS as it is usually covered in the
literature.

2.2.1. DMS materials

Diluted magnetic semiconductors are obtained when transition metal ions, which possess
a partially filled d shell, are incorporated into a conventional semiconductor.

The most frequently studied DMS are Mn-doped II-VI semiconductors, e.g., CdTe
or ZnSe, and III-V semiconductors, such as GaAs [13]. The main difference between
these two classes of DMS is that Mn can isoelectrically substitute the group-II elements
in II-VI semiconductors, while the incorporation of Mn at positions of the group-III
elements concurrently results in p-doping of the DMS. The excess holes in III-V ma-
terials can mediate a ferromagnetic interaction between different magnetic impurities.
The ferromagnetic order in Ga;_,Mn,As has been verified experimentally in the 1990s
[11]. However, the Curie temperature is way below room temperature, which is a major
impediment for technological applications of ferromagnetic Ga;_,Mn,As.

Although the ferromagnetism in Ga;_,Mn,As is an interesting property, we study
exclusively II-VI DMS in this thesis because I1I-V DMS are much harder to model
theoretically. The reason for this is that the large number of donors in ITI-V DMS and the
holes introduce many additional complications compared with II-VI based systems. For
example, the holes can be bound to the acceptors. If the wave functions of the carriers
bound to the acceptors overlap, an impurity band can form in the band gap [15]. Also,
a large number of holes enhances electron spin relaxation via the BAP mechanism [49]
and, in general, leads to screening effects as well as to scattering [51]. Nevertheless, one
can expect that the theory developed for II-VI DMS in this thesis can also be applied to
the case of Ga;_,Mn,As, if it is extended correspondingly.

The II-VI DMS considered here are usually paramagnetic with small antiferromagnetic
corrections due to the superexchange between Mn impurities at nearest-neighbor cation
sites [13, 52]. The Mn impurities in II-VI DMS effectively provide nearly independent
local magnetic moments which interact with the quasi-free carriers in the semiconductor.
In order to be able to treat the half-filled d-shell of a Mn impurity as a localized spin—g
system, two conditions have to be fulfilled. First, the lifting of the degeneracy of the
d-states caused, e.g., by a crystal field splitting must be much smaller than the Hund’s
rule coupling. For example, in the case of LaCoOs3, the d-orbitals of Co are split into
sixfold degenerate ty, and fourfold degenerate e, states due to the tetragonal crystal
field splitting, so that for low temperatures, all of the six d-electrons of Co occupy the
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2.2. Spin dynamics in DMS in the literature

lower-energetic ¢, states and form a state with a total magnetic moment of zero [53].
However, for the II-VI DMS considered here, the Hund’s rule coupling dominates and
the five d-electrons of Mn indeed form a spin-2 system [10]. Furthermore, the d-states
have to be energetically separated from the band edges. Otherwise, quasi-free carrier can
hop on and off the d-states, which again invalidates the picture of the d-states forming a
well-defined localized spin-2 system. This condition is also well met in II-VI DMS [10].

These findings allow us to describe the II-VI DMS in the present thesis by the band
structure of the non-magnetic II-VI material together with an effective interaction be-
tween the semiconductor carriers and localized spin—g systems comprised of the d-shell
electrons of the Mn impurities.

2.2.2. Carrier-impurity interaction

The interaction between conduction band carriers and magnetic impurities in DMS is
modeled by [25, 54]

Hyg =Jsq Z S8 6(R; —1y), (2.5a)
il

Hinp =Jo > 6(R; —1;), (2.5b)
il

where H,; is the spin-dependent part and Hiyp is the spin-independent part of the
interaction between the s-type conduction band electrons and the d-electrons of the Mn
impurities. Here, J,q and Jy are the coupling constants, S; and §; are the impurity and
electron spin operators and R; as well as r; are the positions of the /-th impurity and
the i-th electron, respectively.

Similarly, for holes, the spin-dependent part of the effective Hamiltonian is:

de :dez S] : é;l(s(R[ — I';L), (26)

31

with valence band coupling constant J,; and operators of the j-th hole spin and position
sl and r’.

The effective Hamiltonians describe a localized interaction between carriers and mag-
netic impurities. Since a Hamiltonian of the same form as the s-d interaction is also im-
portant in the discussion of the Kondo effect in magnetically doped metallic alloys [55],
H,, is often referred to as the Kondo Hamiltonian.

A discussion of how the effective Hamiltonians can be derived from microscopic band
structure calculations is given in Ref. [56]. The coupling constants Jy4 and J,q have two
different contributions [56, 57]: First, the direct or potential exchange stems from the
exchange part of the Coulomb interaction between the quasi-free semiconductor carriers
and the d-electrons of the Mn impurities in the Hartree-Fock picture. Second, a hy-
bridization of the semiconductor band states and the Mn d-electrons enables a virtual
hopping between these states. The hopping is suppressed by the strong energetic penalty
involved in adding or removing an electron to and from the Mn d-tates. This allows for a
perturbative treatment of the hopping by a Schrieffer-Wolff transformation [43] yielding
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2. Spin dynamics in DMS: state of the art

a contribution to the effective conduction and valence band Hamiltonians of the form of
H,q and H,q. This contribution is referred to as the kinetic exchange [58].

Note that the hybridization between s-type conduction band states and the d-states
of the impurities is forbidden by symmetry [56, 58]. This is the reason why the valence
band coupling constant .J,4 is typically much stronger than the conduction band coupling
constant Jg4 and has the opposite sign for most II-VI DMS [54].

The magnetic carrier-impurity interaction is always accompanied by the non-magnetic
impurity interaction Hiy, with similar microscopic origins [59]. Because Hiy,, commutes
with the spin operators and therefore acts only indirectly on the carrier spin via scattering
in k-space, it is often not taken into account in theoretical studies of the spin dynamics
in DMS. For most of the publications in this thesis, we also neglect the spin-independent
part of the carrier-impurity interaction and adjourn the discussion of its effects on the
spin dynamics in DMS to [Pub10].

2.2.3. Mean-field and virtual-crystal approximation

Some effects of the s-d exchange interaction on the carrier spins can already be obtained
in the simple picture provided by the mean-field and virtual-crystal approximations. In
the mean-field approximation, it is assumed that, in the description of the quasi-free
carriers, the impurity spins are regarded as classical vectors, so that the electrons are
subject to an effective mean-field Hamiltonian

Hy" =Ju Z<S1> -8;0(Ry —1;). (2.7)
il

In the virtual-crystal approximation, the impurities are assumed to be positioned regu-
larly in the crystal lattice instead of randomly. This is achieved by smearing out the
d-function and replacing 6(R; — r;) — 7. Thus, the s-d Hamiltonian in mean-field and
virtual-crystal approximation reads

N A

7
~

where Ny, is the number of magnetic impurities and (S) is the average spin per impurity.
Recalling that the Zeeman energy of an electron in an external magnetic field B is

HY, :de,uBB -8, (2.9)

with an effective g-factor g., one can immediately see that, on this level of theory, the
impurity magnetization acts exactly like an external magnetic field. Thus, both contri-
butions, the mean-field/virtual-crystal s-d interaction and the Zeeman energy, can be
combined into a single term. The enhancement of the effective magnetic field for the
electrons due to the magnetic impurities is then referred to as the giant Zeeman effect
and can be measured experimentally by investigating the corresponding energetic shifts
between the spin-up and spin-down subbands [54].

The giant Zeeman effect has the immediate consequence for the spin dynamics that
the precession of carrier spins in the presence of an external magnetic field is enhanced
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the same way as the spin splitting, which is verified experimentally, e.g., in Ref. [19].
However, the simple picture of the giant Zeeman effect as an enhancement of the g-
factor is not always applicable. For example, after optical orientation of carrier spins in
DMS perpendicular to an external magnetic field, the impurity spins precess about the
field caused by the carrier spins. Thus, the impurity magnetization is tilted out of its
equilibrium direction. Then, the resulting finite component of the impurity magnetiza-
tion perpendicular to the external field starts to precess about the external field, which
produces characteristic oscillatory signatures in the signals of optical pump-probe exper-
iments [60]. Similarly, the precession of carrier and impurity spins about each other can
give rise to collective carrier-impurity precession modes [61], which are not captured by
a simple enhancement of the electron g-factor due to the giant Zeeman effect, but they
can be described in the mean-field and virtual-crystal approximation.

However, it is noteworthy that, on the level of the mean-field and virtual-crystal ap-
proximation, no changes in the spins are predicted if the impurity and carrier spins are
aligned parallel to each other. Therefore, this approximation is not capable of describ-
ing a genuine transfer of a non-equilibrium spin polarization from the carriers to the
impurities and vice-versa.

2.2.4. Rate equations for spin-flip scattering

Beyond the mean-field and virtual-crystal approximation, the Hamiltonian H,4 also de-
scribes a spin-flip scattering of electrons at the impurities, which is usually described in
the literature in terms of rate equations derived by Fermi’s golden rule [16, 25, 26, 62, 63].
There are also some other approaches which enable an extraction of the spin-flip scatter-
ing rates, such as the kinetic spin Bloch equations [27] or a theory based on a projection
operator method [28]. The results of the different approaches coincide with Fermi’s
golden rule for vanishing external magnetic field, but they differ for non-zero B. In the
case of B = 0, the carrier-impurity spin transfer rate T;jl for a quantum well with width
d is [23]

1 TN

2
Tsd R3Vd (%) (2.10)

d

3
where m* is the effective electron mass and I =d [ dz |¢(z)|* is a factor depending on
d

the form of the z-envelope of the carrier wave funct2ion in the quantum well.

It is expected that the spin-flip scattering is the dominant process for the decay of the
carrier spin in DMS quantum wells [27, 37]. This is supported by the fact that the carrier
spin decay measured in experiments is proportional to the impurity concentration [21].
However, the predicted rates are a factor of &~ 5 too small to explain the experiments
quantitatively [21]. It was argued [18, 64] that if excitons are excited instead of uncorre-
lated electrons and holes, the effective mass m* that enters in the rate has to be replaced
by the exciton mass. Although this gives the right tendencies, a number of questions
remain. For example, for the experiments in Ref. [21], the DMS were actually n-doped
in order to suppress excitonic effects by screening.

Furthermore, for low temperatures of the order of 2 K, a minimum of the carrier spin
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decay time has been found experimentally [21]. This was attributed to inhomogeneity
effects resulting, e.g., from different local temperatures within the laser spot [21]. For
bulk DMS, where the spin-flip scattering time is rather large, it was argued [65] that
such spacial inhomogeneity effects lead to a dephasing of spins more than one order
of magnitude faster than the s-d spin transfer time predicted by Fermi’s golden rule.
Other effects related to spacial inhomogeneities in DMS are the formation of complexes
comprised of quasi-free carriers with wave functions within a finite volume that includes a
number of spin polarized magnetic impurities, the so-called magnetic polarons [36, 66-72].
However, these inhomogeneity effects strongly depend on the preparation and excitation
of the sample. In the present thesis, we focus on the spin dynamics of an on average
homogeneous DMS system and we do not account for the effects related to a spatially
varying local temperature or the formation of magnetic polarons.

2.2.5. Prospects of a quantum kinetic theory for the spin dynamics
in DMS

In the present thesis, a quantum kinetic theory for the description of the spin dynamics
in DMS is presented. The main reason for developing such a theory, which is much
more complicated than the Fermi’s-golden-rule-type rate equations described earlier, is
that it is also more accurate and requires less assumptions. In particular, the derivation
of the quantum kinetic theory does not rely on perturbative arguments in terms of the
carrier-impurity interaction and is applicable even if H,, is strong.

In the absence of an external magnetic field and for vanishing impurity magnetization,
rate equations can be obtained in the Markov limit of the quantum kinetic theory. The
rates derived in this way also coincide with the golden rule value in Eq. (2.10). However,
in certain situations, such as in low-dimensional systems, the full quantum kinetic theory
yields results that can deviate from a simple rate-type exponential decay [23].

Furthermore, the Markov limit of the quantum kinetic theory can also be constructed
in the case of a non-vanishing impurity magnetization and a finite external magnetic field.
This makes it possible to extract the magnetic-field dependence of the rates from the
quantum kinetic theory. While Fermi’s golden rule only gives transition rates between
energy eigenstates, the Markov limit of the quantum kinetic theory also provides an
expression for the perpendicular spin transfer rate, i.e., the rate by which the carrier
spins perpendicular to the impurity magnetization are transferred to the impurity system.
For non-zero magnetic field we find an effective rate-like description that automatically
conserves the total single-particle energies in spin-flip scattering events, while the kinetic
spin Bloch equations approach in Ref. [27] and the projection operator method of Ref. [2§]
end up with different rate equations that are not compatible with the conservation of
the total single-particle energy.

Also, the density matrix theory enables a fully coherent treatment of the optical exci-
tation. This allows us, e.g., to investigate the carrier-impurity spin transfer even within
the time frame of the pump pulse duration, which is relevant for developing protocols
for the optical control of the spins in DMS.

Furthermore, the quantum kinetic theory described in this thesis explicitly accounts
for correlations between carriers and magnetic impurities. Some hints towards why the
carrier-impurity correlations are indeed important in DMS can be found in the litera-
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ture: First of all, the s-d Hamiltonian also appears in the theory of the Kondo-effect [55].
There, the quantity of interest is the resistivity of metals with magnetic impurities for low
temperatures 7. While a theoretical description based on perturbation theory predicts
a logarithmic divergence of the resistivity at 7 — 0 [55], measurements show that the
resistivity actually converges towards a finite value in this limit. This was later explained
by the formation of a many-particle state, where each impurity forms a spin-singlet with
a few carriers and is therefore screened from the other carriers in the metal. The fact
that this state is a real many-particle state that is not separable into single-particle
contributions reflects strong quantum mechanical correlations between the carriers and
impurities. Although the conditions in DMS are very different from those in metals with
magnetic impurities, the relation to the Kondo-effect is a strong motivation for studying
the carrier-impurity correlations in DMS. Moreover, Perakis et al. [73] studied the effects
of carrier-impurity correlations in ferromagnetic Ga;_,Mn,As within a theory based on
Green’s functions and found that the correlations indeed influence the spin stiffness and
Gilbert damping in this system. Note also that Morandi et al. [74] derived a third-order
perturbation theory based on Green’s functions in an Abrikosov pseudofermion formula-
tion for the investigation of the magnetization dynamics in ferromagnetic Ga;_,Mn,As.
The study came across uncontrolled Kondo-like divergences. This makes an application
of the theory questionable, but it also highlights the importance of carrier-impurity cor-
relations in DMS. In the quantum kinetic theory described in this thesis, we also find
Kondo-like divergences. These appear in the correlation energy and in a renormalization
of the carrier spin precession frequency when treated in the Markov limit. However, these
divergences are integrable and finite values are obtained when the carrier distribution
has a non-zero spectral width.

Another advantage of our quantum kinetic approach is that it can easily be extended
to incorporate other interactions. This allows us to study the interplay between the s-d
interaction and the spin-orbit coupling as well as the non-magnetic scattering of carriers
due to the interaction Hi,, on a quantum kinetic level.
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3. Thurn’s quantum kinetic equations

The present thesis is based on previous works conducted as part of Christoph Thurn’s
PhD thesis [75]. Therefore, it is necessary to summarize the central aspects of Thurn’s
quantum kinetic theory [22] and some first numerical results in the case of vanishing
impurity magnetization and zero magnetic field [23, 24], which is the subject of this
chapter.

3.1. General remarks

The goal of Ref. [22] was the development of a microscopic theory of the spin physics in
DMS in terms of a quantum kinetic theory. This approach starts with a given Hamilto-
nian and yields equations of motion for the relevant density matrices. It is motivated by
pump-probe measurements where the time evolution of quantities related to the density
matrices, e.g., the total carrier spin parallel or perpendicular to a quantum well plane,
can be monitored experimentally [19].

As is always the case in condensed matter physics, where a macroscopic number of
carriers can contribute to the observed signals, some approximations have to be applied
in order to establish a numerically feasible solution to the complicated many-body prob-
lem, while still maintaining the relevant physical features. In the case of Thurn’s quan-
tum kinetic theory, the many-body problem was tackled using a correlation expansion
scheme [76].

In a semiclassical mean-field treatment, where the impurity spins and the quasi-free
carriers in the DMS are treated as independent (uncorrelated) variables, the main effect
of the magnetic impurities is to provide an additional effective magnetic field for the
carriers. In contrast, the quantum kinetic treatment of Ref. [22] also accounts for the
correlations between the quasi-free carriers and the magnetic impurities beyond the mean-
field approximation. The central assumption for finding a closed set of equations of
motion in the quantum kinetic theory is that higher correlations, such as the carrier-
carrier as well as the impurity-impurity correlations, are negligible. Accounting for these
correlations is, in principle, straightforward, but blows up the complexity of the equations
of motion and the numerical demands even further.

One of the most important effects of the carrier-impurity correlations on the spin
dynamics, which is not captured by the mean-field approximation, is that the correlations
mediate spin-flip scattering processes between the carrier and impurity subsystems. In
contrast to rate equations, where the spin-flip scattering processes are assumed to be
instantaneous, accounting explicitly for the carrier-impurity correlations in the quantum
kinetic theory introduces a finite memory, i.e., a non-zero duration of spin-flip scattering
processes.
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3.2. Quantum kinetic theory

3.2.1. Hamiltonian and basis states

The first step in setting up quantum kinetic equations of motion is the choice of the model
Hamiltonian and the basis states in which the Hamiltonian is expressed. As usual in solid
state theory, a formulation in terms of creation and annihilation operators for Bloch
states in second quantization is employed for the description of a macroscopic number of
delocalized carriers in the DMS. As discussed earlier, the elementary interaction between
quasi-free carriers and magnetic impurities can be described by a Kondo-Hamiltonian
[cf. Eq. (2.5a)]. In second quantization for the carriers, the s-d interaction has the form:

Jsd

Hsd Vv

Z S] Sll/clkcl’k’e( _k)RI (31)

I klk'V

where clTk and ¢y are the creation and annihilation operator of Bloch electrons with
wave vector k in the conduction subband [ and s; = %0'”/ are the conduction band spin
matrices proportional to the vector of Pauli matrices o.

Now, it is crucial to find a suitable representation of the magnetic impurity spins S; at
positions R;. In the spirit of the correlation expansion, the most obvious representation
is the average spin <S 1) of the I-th impurity. However, one finds that terms of the form
(S’ S 7) enter in the equations of motion, so that this approach has the disadvantage that
second moments of the impurity spins cannot be expressed in terms of average values
(first moments) if the impurity spin is larger than % Therefore, one would have to
derive equations of motion for the second moments, which, in turn, depend on the third
moments. Formally, there are only 36 degrees of freedom for a spin—g system such as

Mn, but the factorization of higher moments is cumbersome.

Instead, Thurn used a representation for impurity spins comprised of the single-
particle impurity density operators P!~ = |I,ny)(I,n,| in the basis |I,n) of the spin

ninz
states for the /-th impurity, which are eigenstates to the S7 operator with eigenvalues

n e {——, — g, ce g} Neglecting the impurity-impurity correlations at different positions

R; and R enables a factorization according to [22]

I J#I I J#I
<P7‘Lm2pn377i4> <an2><Pn37Z4> (3.2&)
<PT{17L2 P7{3n4> = <]7 ny |‘[7 n2> <‘[7 ns |‘[7 n4> = 677/2713 <PT{17’L4> (32b)

which allows for a more compact notation of the equation of motion for the impurity
degrees of freedom. In other works [74], a pseudo-fermion approach was used to describe
the impurity spins in DMS. However the perturbative Green’s functions study of Ref. [74]
suffers from uncontrolled divergences, which inhibit a clear physical picture as well as a
direct comparison with Thurn’s quantum kinetic theory.

With the impurity spins expressed in terms of the operator ]5,{”, and the carriers
described in second quantization, the s-d interaction takes the form [22]:

Jsd -'- a : (1.
§ : § : I _i(k'-k)R
Hsd = % Snn’ : Sll’clkcl’k’Pnn/e ( ) I, (33)
Inn' kik'l’
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where S,,,,; are the spin matrices of a spin g system, which can be found, e. g., in appendix
A of Ref. [22]. Hgy together with the corresponding term for the p-d interaction between
holes in the valence band, the parabolic free-carrier band structures and the light-matter
interactions form the starting point of the correlation expansion of Ref. [22]. For the
summary of Thurn’s quantum kinetic theory, we focus on the conduction band and
take the laser excitation into account by choosing corresponding non-equilibrium initial
values for carrier spins and occupations at ¢ = 0, so that the total Hamiltonian in this
description is comprised of only H,; and an effective mass Hamiltonian H, for the two-
fold degenerate conduction band.

3.2.2. Correlation expansion

The carrier and impurity spin polarization can be extracted from the single-particle
density matrices <c}1klcl2k1> and <P,{m2> From the Heisenberg equations of motion, one

finds for the carrier density matrix:

L0
=il ok ) =([Ho Ol it ]) + ([ Gy e, (3-4)

where the first commutator vanishes in the case of an effective mass Hamiltonian H,.
After inserting the expression for Hyq from Eq. (3.3), the second term of Eq. (3.4) yields

Jsd AT\ ik — AT\ ik

‘; Z Z S’ - (Slll <C;[kcl2k1p7{n’>el(kl R Sl2l<cglk1clkpffn’>61(k kl)RI)' <3'5)
Inn' kKl

It is now clear that the carrier-impurity correlations <C;1k10l2k2 ]3,{ \ny) influence the carrier

spin dynamics. To distinguish the mean-field contributions from the true correlation

effects, it is instructive to factorize [76] according to

<C;|'1k1612k2pﬂ{1n2> = <Cj1klcl2k2><P’r{1n2> + 5<C;|‘1klcl2k2p7{1n2>7 (36)

where the first term on the r.h.s. is the mean-field part and 5<czrlk1012k2 PA’T{m) are the true
correlations or cumulants. Henceforth, when the term correlations is used, we refer to
the true correlations as opposed to the expressions of the form of the Lh.s. of Eq. (3.6).

Another problem that is evident from Eq. (3.5) is that the positions of the impurity
ions R; appear explicitly in the time evolution of the carrier density matrix. However,
the number of impurity ions is a macroscopic quantity, so that the impurities cannot be
taken into account individually. Rather, some distribution of impurity ions has to be
assumed and an averaging over this distribution has to be performed in order to enable
the calculation of the time evolution of the carrier spins. Thus, the impurity positions
become (classical) random variables that also have to be accounted for in a rigorous

correlation expansion scheme. Then, Eq. (3.5) becomes

sd i(k1— i(k—
ZZSW - Sy Clkcl2k1Pnn’e (Il k)RI> Sl2l<cl1k ClkPI (k kl)RI)>, (37)

Inn’ Kkl

where the brackets now also include an averaging over the random impurity positions
R;. Note that the dependence on R; disappears for k = kj, so that in this case the
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factorization has to be performed as in Eq. (3.6). For k; # ko, the factorization of the
terms in Eq. (3.7) is [22]:

<C;1k1 Cloky p’r{n’ei(k2_kl)RI> = <C;1k1 cl2k2> <p7{n’> <ei(k2_k1)RI> + 5<C;[1k1 Claks pr{n’> <6i(k2_k1)RI>
+ 5<P7{n’€i(k2_kl)RI><C;1k1 Clzk2> + 5<Clek1 clzk2ei(k2_kl)RI><Pr{n’>

+ 8{ch ey Craky P28, (3:8)

The first two terms on the r.h.s. of Eq. (3.8) vanish if an on average homogeneous distri-
bution of impurities with (efkz2—k)Rr) — § | is assumed and k; # k. A non-vanishing
value of § (Pén,ei(krkl)m ) implies a correlation between the spin and the position of impu-
rities. These correlations correspond to spin waves with wave vector (ks —k;). However,
the third term on the r.h.s. of Eq. (3.8) also vanishes for k; # ks, in an on average
spatially homogeneous system, where <Cj1k1012k2> o J, k, 15 diagonal with respect to the
wave vector. Thus, only the last two terms of Eq. (3.8) remain. Note that correlations of
the type o <C;1k1012k2 e'ke=k)R1Y a]50 build up when scattering at non-magnetic impurities
due to the Hamiltonian Hiy,, defined in Eq. (2.5b) is considered. In the equations of mo-
tion for the correlations in Ref. [22], all correlations higher than &(c], cii,e’k2 k1R
and &(cf \ cipi, Pl "2 KUR1) have been dropped after the factorization. Special care
has to be taken that the fermionic antisymmetry in factorizations of electronic four-point
averages is fulfilled, so that, e.g.,

<C;1klc;2kgcl3k3cl4k4> — <C;1klcl4k4><032k20l3k3> - <c;[1k1clak3><C;2kgcl4k4>v (3'9)

where the true carrier-carrier correlations are neglected in the truncation scheme. Note
that, in order to obtain physical results in the limit V' — oo, the relation (3.2b) for
products of impurity operators at the same position (I = J) has to be applied before the
factorization.

In Ref. [22], the dynamical variables of the quantum kinetic equations for conduction
band electrons were defined as:

Cll, :<C}1klcl2k1>7 (3.10a)
M2 =(By,), (3.10D)
CAe =V (e, Clopye’ IR, (3.10¢)
K52 =Va(e] y, kg Py, /TR, (3.10d)

The factors V' are introduced to keep the correlations finite in the limit V' — oco. Note
also that the dynamical variables are independent of the impurity index I due to the
averaging over the impurity distribution. While the equations of motion in Ref. [22] were
explicitly written down for the correlations C_’llfllff and K, llfgfllff, it turns out in [Publ] that
the equations of motion can be simplified by summarizing the correlations to

Qnte = MI2CRE + RPN = Vidh o et Py @®7™), ki £k, (311)

liniky 1 liniky nin2
since the mean-field contribution is exactly the term that is obtained from the average
(czrlklclszPI elke—k)R1) for k; = k,. Note that the factorization into the true correla-

ning
tions in Ref. [22] was necessary for the correct identification of higher order correlations
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3.3. Theoretical findings

that are neglected.

The corresponding equations of motion for the density matrices and the correlations
in the conduction band are given in [Publ].

3.3. Theoretical findings

The quantum kinetic equations of motion are the main result of Ref. [22]. However,
already at this point, it is possible to discuss some features of the theory.

First of all, it is found that the mean-field theory, which describes the giant Zeeman
effect and a precession of carrier and impurity spins about each other, is obtained from
the quantum kinetic theory if the correlations are set to zero. Furthermore, if the aver-
aging over the impurity distribution is performed on the level of the Hamiltonian, which
corresponds to the virtual-crystal approximation, the same result is obtained as in the
mean-field case. In particular, in the situation of a vanishing impurity magnetization,
the mean-field and virtual-crystal approximations predict no change of the initial carrier
spin at all.

A successful test of the soundness of the theory is that the equations of motion can
be shown to conserve the total number of electrons as well as the total energy including
the correlation energies. Also, the total spin comprised of carrier and impurity spins is
conserved.

A Taylor-expansion in terms of short times, i.e., a few time steps in the equations of
motion corresponding to a few fs, shows that, in the first step, the correlations are built
up, which, in turn, change the single-particle density matrices in the second step. Thus,
the change of the single-particle observables is quadratic in time as can be expected from
a time-reversible quantum kinetic theory. Also, a redistribution of carriers in k-space is
already indicated by such an analysis.

3.4. Markov limit

After the derivation of the quantum kinetic theory, it is instructive to compare it to rate
equations obtained from Fermi’s golden rule. This was done in Ref. [23] for the case of
vanishing impurity magnetization.

It turns out that the same rate equations can also be derived directly from the quantum
kinetic theory in the Markovian limit, i.e., if it is assumed that the memory provided by
the correlations is short. The procedure of deriving the Markov limit of the quantum
kinetic theory according to Ref. [23] is sketched schematically as follows:

First, assume that the equations of motion for the correlations have the form
L0
—zhaQ = —hAw@ + b, (3.12)

where (—hAwQ) is the homogeneous part and b is the source term, which only depends
on the single-particle density matrices C' and M. If b is regarded as a function of time,

23



3. Thurn’s quantum kinetic equations

Eq. (3.12) can be formally integrated. The Markov limit is established by

t t

Q) =5 / ! AN Lb(0) / A AN = () (b () — ). (3.13)

—0o0 —00

The Lh.s. of Eq. (3.13) has the form of a memory integral over the values of the single-
particle quantities contained in b at past times ¢ < t. The assumption of a short
memory means that only the value of the source term at ¢ = ¢ is relevant. Evaluating
b(t') =~ b(t) at t leads to the r.h.s. of Eq. (3.13), where the memory integral can be
calculated analytically. The correlations appearing in the equations of motion for the
single-particle density matrices can then be replaced by the Markovian expressions ac-
cording to Eq. (3.13). The real part of the memory integral yields a J-function which,
when inserted into the equation for the carrier density matrix, leads to an expression
equivalent to Fermi’s golden rule. For zero impurity magnetization, the imaginary part
does not enter in the equations of motion for the single-particle density matrices.

A more formal and comprehensive derivation of the Markov limit for more general
situations is presented in [Pubb].

3.5. Results for zero impurity magnetization

In Ref. [23], the spin dynamics in a DMS at zero magnetic field and vanishing impurity
magnetization has been investigated in simulations in which the optical excitation has
been modeled by choosing the corresponding values for initial non-equilibrium carrier
spins and occupations.

Figure 3.1 shows the time evolution of the carrier spin polarization for an initially spin
polarized Gaussian spectral carrier distribution centered at the conduction band edge
in a Mn-doped ZnSe DMS in three, two and one dimensions. Note that the number of
magnetic impurities Ny, is much larger than the number of optically induced carriers
N,., so that the impurities act effectively as a spin bath for the carriers. Thus, the initial
carrier spin can be completely transferred to the impurity system so that the average
carrier spin polarization approaches zero at long times ¢ — co. The full quantum kinetic
theory predicts this decay to be exponential in a bulk system, whereas in lower dimensions
deviations from the exponential behavior can be found. These deviations show up as
overshoots or oscillations.

Some of the source terms in the quantum kinetic equations can be neglected in the
calculations while still virtually the same spin dynamics is obtained, as depicted by the
blue circles in Fig. 3.1. The remaining numerically relevant terms in the equations of
motion for the correlations yield equations of the form of Eq. (3.12) and make it possible
to formulate the Markov limit of the theory and to derive expressions for the carrier-
impurity spin transfer rates. The green squares in Fig. 3.1 depict an exponential decay
with these rates and serve as a point of reference for the discussion of the differences
between the quantum kinetic and the Markovian results.

In Ref. [23], the discussion of the origin of the non-Markovian behavior in lower-
dimensional samples focuses on the finding that a significant redistribution of carrier
occupations in k-space in the situation with pronounced non-Markovian features is found.
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3.5. Results for zero impurity magnetization
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Figure 3.1.: From Ref. [23]: Time evolution of an initial carrier spin in a Zng g3Mng ¢7Se DMS in a
bulk system (a), a quantum well (b) and a quantum wire (c) for vanishing impurity magnetization. The
red solid line shows the results of the full quantum kinetic theory, the green squares are the results of
rate equations according to Fermi’s golden rule and the blue circles correspond to calculations where
only a numerical relevant subset of terms in the quantum kinetic theory is accounted for. In particular,
the correlations C' as well as source terms Qg in the equations of motion for the correlations K are
neglected, where @)z comprises all terms containing correlations or terms of higher than linear order in
the electron density [23]. Calculations where the shape of the carrier occupations in k-space are fixed
are shown as pink triangles in the case of the quantum well (b).

For example, manually enforcing the shape of the carrier distribution to remain the
same as at t = 0 [pink triangles in Fig. 3.1(b)| leads to the same spin dynamics as
the rate equations. The relation between the non-Markovian behavior and the carrier
redistribution can be understood as follows: While in the Markov limit, as in Fermi’s
golden rule, the redistribution of carriers is confined to final states within the same kinetic
energy shell as the initial state, deviations from the Markov limit are associated with a
finite broadening of the energy selection rule according to the energy-time uncertainty
relation.

Furthermore, in Ref. [23], an explanation for the fact that the deviations from the
Markovian rate equations are more pronounced in lower-dimensional systems is suggested
by a comparison with a quantum dot (zero dimensions): A quantum dot can be described
as a few-level system, where an interaction between the discrete states leads to a coherent
Rabi-flop behavior in the form of oscillations. Thus, the one- and two-dimensional cases
are regarded as intermediate situations between the zero-dimensional coherent case and
the incoherent bulk result.

It is shown analytically in Ref. [23] that the overall shape of the time evolution of
the carrier spin depends on the material parameters via a parameter [, which in two
dimensions takes the form F = m*J2 Ny, /Vd, where m* is the effective mass in the
conduction band, Jy, is the s-d coupling constant, Ny, is the number of magnetic impu-
rities and V' and d are the volume and the width of the quantum well, respectively. The
deviations from the rate-like behavior of the spin dynamics are found to be stronger for
larger values of the parameter F'.
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3. Thurn’s quantum kinetic equations

In contrast, the investigation of the dependence of the spin dynamics on the initial
spectral electron distributions, i.e., on the properties of the exciting laser pulse, relies on
the numerical integration of the quantum kinetic equations. It is found that, even if the
material parameters are chosen to maximize F' while still being in a reasonable range for
realistic DMS, the non-Markovian features disappear if the initial carrier distribution is
either too broad (of the order of a few meV) or the center of the Gaussian peak is shifted
towards higher energies.

The fact that the non-Markovian effects depend on the properties of the exciting laser
beam is exploited in Ref. [24], where a two-color experiment with laser beams of different
central frequencies and opposite circular polarizations is proposed, where the total spin
optically induced into the sample is zero, but still pronounced oscillations in the time
evolution of the carrier spin polarization in a DMS quantum well are predicted. These
oscillations in the carrier spin polarization have a magnitude of the order of 1% and they
are visible even a few ps after the fs-pulses are gone. From a technical point of view, a
novelty of Ref. [24] compared with Ref. [23] is that the laser pulse and the valence band
were taken into account numerically. The results are very similar to those obtained by
calculations where the optical exciation is taken into account by the choice of suitable
initial values for the carrier spins and occupations. This justifies the procedure of using
the corresponding initial values in Ref. [23] and in the studies described in the present
thesis.
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4. Open questions after Thurn’s work

The full set of Thurn’s quantum kinetic equations derived in Ref. [22] spans four pages.
Because of the sheer size and complexity of the quantum kinetic equations, many physi-
cal features that are already present in Thurn’s quantum kinetic theory are concealed in
some of the source terms. The large parameter space and the numerical demands make
it difficult to infer the physical content from brute-force calculations of the quantum ki-
netic equations for a vast number of different situations, material parameters and initial
conditions. This is also the reason why the numerical investigations in Refs. [23] and [24]
are confined to the relatively transparent case of zero impurity magnetization. Situations
with non-vanishing Mn spins are not addressed in these publications, although the quan-
tum kinetic theory of Ref. [22] is capable of describing these cases, too. Furthermore,
the explanation of the non-Markovian behavior in Ref. [23] is somewhat unsatisfactory,
because no clear criterion is provided for when to expect that golden-rule-like rate equa-
tions are a good approximation and under which circumstances they fail to accurately
reproduce the spin dynamics predicted by the quantum kinetic theory.

Moreover, the description of realistic DMS requires to take into account additional
interactions and Hamiltonians, such as the scattering at non-magnetic impurities, the
Zeeman energies in the presence of an external magnetic field or spin-orbit coupling
effects. The latter can be described by effective magnetic fields that lead to a non-
vanishing commutator between the crystal Hamiltonian and the carrier spin operators,
which complicates the analysis of the quantum kinetic equations even further.

These open questions are the starting point for the studies carried out within the
present thesis: First, the quantum kinetic theory of Ref. [22] is applied to the case of
non-zero impurity magnetization in [Publ] and [Pub2] in a bulk system, where the com-
plications due to non-Markovian effects are negligible [23]. In this context, the different
source terms in the equations for the correlations are interpreted, which facilitates a
physical intuition about the processes described in the quantum kinetic theory. A more
thorough take on the origin of the non-Markovian effects in two-dimensional systems is
presented in [Pub6] and the correlation-induced renormalization of the carrier spin preces-
sion frequency is discussed in [Pub7]. Furthermore, the theory is extended to incorporate
spin-orbit coupling effects and an external magnetic field. The interplay between s-d and
spin-orbit interactions is investigated in [Pub3] and [Pub4] in the Markov limit and a
full quantum kinetic treatment of the s-d, the spin-orbit and the Zeeman interactions
is presented in [Pub5|. There, also expressions for the magnetic-field dependence of the
carrier-impurity spin transfer rates are derived and compared with the results of other
theories in the literature.

In these studies, the optical excitation is modeled by choosing corresponding initial
carrier occupations. In [Pub8], the optical excitation is taken into account on a quantum
kinetic level. On this level of theory, we work out for which excitation conditions, i.e.,
pulse durations and magnetic field strengths, the non-Markovian effects are particularly
pronounced.
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4. Open questions after Thurn’s work

In [Pub9], we investigate the effects of the excitation of semiconductors with twisted
light, i.e., light with orbital angular momentum, on the subsequent spin dynamics induced
by the Rashba interaction. In particular, we discuss the possibility of spin control via
the orbital angular momentum of the impinging light beam.

Finally, in [Publ10], we study how the spin dynamics in DMS is modified if the non-
magnetic interaction between carriers and impurities is accounted for.
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5. Spin transfer dynamics for non-zero
impurity magnetization

In this chapter, we discuss the quantum kinetic theory in the case of a non-zero impurity
magnetization. We focus on a bulk system, where according to Ref. [23] no significant
non-Markovian effects are expected and rate equations derived using Fermi’s golden rule
provide a very good description of the spin dynamics for vanishing impurity magnetiza-
tion.

For a non-zero impurity magnetization, a distinction between the carrier spin com-
ponents parallel and perpendicular to the impurity magnetization arises naturally. It is
clear that in order to obtain the corresponding parallel and perpendicular spin transfer
rates, Fermi’s golden rule reaches its limits, in particular, because it only describes tran-
sitions between energy eigenstates and, thus, makes no statement about the dynamics
of the perpendicular carrier spin component, i.e., the loss of coherence between spin-up
and spin-down states.

This is, however, not a problem for the quantum kinetic theory, which describes the
dynamics not only of the spin-up and spin-down occupations, but also of their coher-
ences by accounting for the off-diagonal elements of the density matrices with respect to
the spin indices. The Markov limit of the quantum kinetic equations is established and
discussed in detail in [Publ] and [Pub2]. The result is a set of effective rate equations for
both, the parallel and perpendicular carrier spins with respect to the impurity magneti-
zation and the corresponding rates are expressed in terms of the microscopic parameters
of the Hamiltonian.

Although the steps involved in the derivation of these equations are, in principle, very
similar to that in the case of vanishing impurity magnetization, which was sketched in
Eq. (3.13), a number of complications arise when the impurity spin is non-zero: First,
switching from the carrier density matrix to the carrier spin parallel and perpendicular
to the impurity magnetization as dynamical variables leads to effective equations where
higher moments of the impurity spin appear. For example, for the Spin—g Mn impurities,
the second moments

ninzns

cannot be expressed in terms of the averages (S) alone.

In [Publ], a number of algebraic manipulations are required to end up with relatively
simple equations that can be interpreted more intuitively and solved analytically. These
equations bear a striking resemblance to Landau-Lifshitz-Gilbert equations, which are
usually derived phenomenologically. However, the fact that the impurity and carrier
spins are quantum mechanical objects and not classical vectors has very important con-
sequences. For example, the classical version of the Landau-Lifshitz-Gilbert equations
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5. Spin transfer dynamics for non-zero impurity magnetization

predicts that the spins remain unchanged if impurity and carrier spins are aligned paral-
lel to each other. In contrast, the quantum corrections obtained in [Publ] lead to a spin
transfer between the carrier and impurity systems even in this case.

Further complications that arise when a finite impurity magnetization is taken into
account, are related to the importance of certain source terms in the equations for the
correlations. Concentrating on the conduction band and simplifying Thurn’s original
equations [22] by rewriting them in terms of the correlations ) defined in Eq. (3.11)
yields the following equations of motion, which are the starting point of [Publ]:

a no no n
_Zhat Mn1 _Jsdv l;ll, S |: lk (SnnlM STLQHM )

1 4 4 I le!
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The above subdivision of the source terms into the different b??ﬁ? introduced in [Publ]
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helps to bring order into this set of equations and makes an interpretation and an esti-
mation of the relative importance of the different terms easier.

The terms on the r.h.s. of Egs. (5.2) are interpreted as follows: The first lines of
Egs. (5.2a) and (5.2b) represent the mean-field contributions to the dynamics of the
single-particle density matrices. They describe the mutual precession of the carrier and
impurity spins about each other. The second lines of Egs. (5.2a) and (5.2b) contain
the correlation-induced changes of the single-particle density matrices. Equation (5.2c)

: b's
suggests that, for small coupling constants J,;, where the source terms bﬁfﬁfﬁf tend

to zero, the correlations oscillate with a frequency corresponding to the difference of

kinetic energies (Fy, — Ey,) of electronic states with wave vectors k; and k. The source

blzngkgl

Lmx., are responsible for starting the dynamics of the correlations, since all other

terms

blzngkg I

Lmi. are comprised of

terms are initially zero if the correlations are zero. The terms

bl2n2k2[.1

leanQI'
lin1ky

2 . o . .
Lmk,  that is quadratic in the electron density matrix

which is linear and

C'2 . As more thoroughly discussed in [Pub2], one important effect of planake’? o
I1k; lini1ky

ensure the correct Pauli blocking behavior. By comparison with the mean-field terms of
Egs. (5.2a) and (5.2b), the source terms bfiZiﬁfn are identified as terms which describe

. : . . . 1.1
a precession-type motion of the correlations about the total impurity (bﬁfﬁfti ) and

112 } . .
planzka are terms that connect correlations with different

carrier (bn?
wave vectors.

blgngkzlll

) spins. e

In order to be able to apply the Markov approximation, it is necessary to write the
equations for the correlations in the form of Eq. (3.12), where the source terms b only

depend on the single-particle variables and not on the correlations themselves. Note
I . . I 11
that only the source terms béj?f" have the desired form, while b>"2K>"" and b*"*
1K1 1m1K1 1m1K1

contain correlations. Nevertheless, the Markov limit of the quantum kinetic theory can

. . lanaka 11 lanoko 111 . lanaka !
be established by assuming that b %2 "~ and b %2 are less important than b;/%,2 .

An argument in favor of this assumption is that the former are of higher order in the
coupling constant J,g than the latter, since the correlations, which are zero before the

laser pulse, are built up over time and are linear in Jy;. Thus, the effects of the source
111

I . . . . .
planzke on the carrier and impurity density matrices are of the order
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and R
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O(J3)), whereas b2"2K2" causes changes in second order.
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In the Markov limit of the quantum kinetic equations where R

neglected, the equation of motion for the carrier spin s, = > slllQC’llfkl in the states
Il
with wave vector k; is:

2 _
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where ny, = Y. Cly are the carrier occupations at wave vectors k; and wy = Z¢ is the
I
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5. Spin transfer dynamics for non-zero impurity magnetization

frequency corresponding to the kinetic energy FEy of an electron with wave vector k.

The first line in Eq. (5.3) describes a precession of the carrier spin around the effective
field provided by the impurity magnetization. The precession frequency is renormalized
by contributions stemming from the carrier-impurity correlations. This renormalization
is discussed in more detail in [Pub7]. The second line is responsible for the transfer of
an excess impurity magnetization to the carrier subsystem, while the last line contains
damping terms, which are similar to the corresponding terms in the phenomenological
Landau-Lifshitz-Gilbert equation for the dynamics of a magnetization density M(r) in
an external field H [77]

0 A
aM:nyH—WMx(M><H). (5.4)

In contrast to the original Landau-Lifshitz-Gilbert equation (5.4), where the magneti-
zation M is already a quantum-mechanically averaged quantity, the average in the term
(S x (S xsk))+ ((sk x S) x S) in the Markovian effective equation (5.3) has to be taken
after the evaluation of the cross product. This has the consequence that this term is
non-zero in the case where (S) and (sy) are parallel to each other, whereas the original
Landau-Lifshitz-Gilbert equations (5.4) predict no change of the spins in this case.

However, the numerical calculations performed in [Publ] show that the Markovian

1 1
rate equations obtained by neglecting béfgflﬁf and béfﬁflﬁ are not generally applicable,

because they produce significantly different results compared with the full quantum ki-
netic calculations, although they were performed for a bulk system, where it was shown
in Ref. [23] that finite-memory effects are of minor importance and both calculations
agree in the case of zero impurity magnetization. The results of the corresponding cal-
culations are shown in Fig. 5.1. In order to pinpoint the origin of these discrepancies,
a systematic study of the importance of the difference source terms is performed. It is
found that the source term bﬁ’;‘fti H'l, which describes the precession-type motion of the
correlations about the impurity magnetization, is extremely important despite leading to

. . . . : 11,
changes in the single-particle variables in the order O(J3,). If the term bﬁfﬁjlﬁ " is not
accounted for, in particular the asymptotic value of the carrier spin component parallel
to the impurity magnetization for large times is not correctly reproduced.

The central point of [Pub2] is that, after some further manipulations and introducing

. . . : o . : 1.1
suitable new dynamical variables for the correlations, it is possible to include bffﬁtf

as a contribution to the homogeneous part of the differential equation (3.12). This
way, one obtains effective equations which produce almost the same results for the spin
dynamics as the quantum kinetic theory in bulk systems, even for non-vanishing impurity
magnetization. These effective equations are:

9 1/ e OV T L
pr :Z {Re(ka )5 [nk —ny ]

+ Re(GZi:lin) [bintm — chni/f ¥ 2b0n£/fni”] } (5.5a)
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Figure 5.1.: From [Publ]: Time evolution of the modulus (a), the parallel component (b) and the
perpendicular (¢) component of the total carrier spin with respect to the impurity magnetization in
a Zng.g93Mng g7Se bulk DMS with initial carrier spin polarization tilted 45° away from the direction
of the impurity magnetization and initial spectral carrier distribution modeled by a Gaussian with a
standard deviation of E; = 3 meV centered at the band edge. The red solid line (full QKT) depicts the
full quantum kinetic results, while the blue circles and pink triangles show the results of calculations
where only the source terms b’ or b'! and b'/-!, respectively, have been accounted for in the equation
of motion for the correlations. The green dashed line (ML) represents the results according to the
Markovian equation of motion obtained by considering only the source terms b7.
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where nﬁ and nt are the spin-up and spin-down occupations of the states with wave
vector k and si is the corresponding perpendicular spin component with respect to
the impurity magnetization. The precession frequency of the carrier spins in the mean
field due to the impurity magnetization is wy = 2% |(S)|. The factors bl = (SHQ),

= 1(S) and b* = (SL2> + 1(Sl) depend only on the impurity spin state. Sl = S. %

is the component of the impurity spin operator parallel to the direction of its average
value and (S+7) = 1((8?) — (S”2>). The memory function Ge! is defined by

0
W JQN n
Gol = ﬁdzvh; / dt’ et (5.6)
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5. Spin transfer dynamics for non-zero impurity magnetization

and has to be regarded as an integral operator where the terms on the right of Gor* in

Egs. (5.5) have to be evaluated at times t’. When this finite memory is kept, Egs. (5.5)
are equivalent to Egs. (5.2) without the terms béfgflﬁfn. As described earlier, the Markov

limit is easily established by neglecting the memory, i.e., evaluating the terms appearing
after Gt at ¢ and taking the limit ¢ — oo in the lower limit of the memory integral.
Then, one obtains:

T2 N
h2V?2

Wk
G ~

{wé(wk ) - P—} (5.7)

Wk — Wk,

where P denotes the principal value. In the Markov limit, Eqs. (5.5) become effective
rate equations. In addition, the imaginary part of the memory function acts like an
effective magnetic field about which the carrier spins precess. This correlation-induced
frequency renormalization is discussed in more detail later in the context of [Pub7].

It is instructive to compare the effective equations (5.5) in the Markov limit with rate
equations based on Fermi’s golden rule. The latter is concerned with transitions between
energy eigenstates and, thus, is only applicable for the transitions between spin-up and
spin-down states. Fermi’s golden rule does not make any prediction for the perpendicular
spin component similar to Eq. (5.5b). However, one can easily check that in the case of
zero impurity magnetization, Eqs. (5.5a) and (5.5b) coincide.

Indeed, Eq. (5.5a) for the spin-up and spin-down occupations predicts the same carrier-
impurity spin transfer rate as Fermi’s golden rule, if the splitting of the bands due to the
mean-field contribution of H,, is taken into account for the basis states between which the

golden-rule transitions are formulated. This splitting enters in the effective equations via

langko 111

the precession-type motion of the correlations described by the source terms b2, %2
Thus, there is a correspondence between the precession of the correlations and energetic

shifts of the energy eigenstates. This finding leads us to the important conclusion that

. . X . .
the classification of the source terms béj;ﬂ: in terms of orders of Jg; in [Publ] does not

reliably predict the relative importance of the source terms for the spin dynamics, since
this perturbative treatment does not capture the energetic shifts due to the mean-field
contribution of H,y correctly.

1
With this insight, the argument that the b2"252°"" can be neglected because they are

lin1k,
of higher order in the coupling constant seems no longer valid. However, there is also

o 7 ,
another argument for the insignificance of bffgflﬁ : These terms describe the effects

of correlations on other correlations with different wave vectors. Since the correlations

oscillate fast with the frequency depending on the wave vector, the different contributions
111

from the different correlations in general interfere destructively, so that béfgflﬁ will

usually be very small. Nevertheless, these arguments are only qualitative and the fact

ko, ITT : . . : : .
that b2"2K2""" are indeed of minor importance is best proven by comparing numerical
lini1ky
1

simulations of the quantum kinetic equations with and without accounting for bffgflﬁ
as was done in [Publ].

1, 11.2 : : . :
bmfkf , which describes a precession of the correlations

. .. . ko111 . .
about the total carrier spin, is not as important as bﬁfgfkf , since the number of carriers

is much smaller than the number of impurities. Furthermore, the quadratic term in the

. . . 12,
electron variables nl/l int/ T, which originates from the source terms bﬁgflﬁ in Egs. (5.2),

Note that the source term
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automatically gives the correct Pauli-blocking behavior, which otherwise has to be put
in by hand in golden-rule-type rate equations [28].

Furthermore, it is noteworthy that the energetic shift between spin-up and spin-down
states enforces a separate treatment of the spin-up/spin-down occupations and the per-
pendicular spin components. Thus, the effective equations (5.5) cannot be written in the
form of a single Landau-Lifshitz-Gilbert-like equation similar to Eq. (5.3). Nevertheless,
the Landau-Lifshitz-Gilbert-like equations can still be useful as an intuitive approxi-
mate picture for complicated cases where, e.g., the carrier and impurity spins are canted
with respect to each other, because Eq. (5.3) directly follows from Egs. (5.5) if the spin
splitting wy; in the memory function are neglected.

To summarize, deriving effective equations of motion (5.5) not only allows a drastic
speed-up of the numerics and provides rates for the transfer of parallel as well as per-
pendicular carrier spins to the magnetic impurities, but also sheds light on the meaning
of the different source terms in the quantum kinetic description. In particular, we find
that the precession-type motion of the correlations corresponds to the energetic shifts
of the single-particle states due to the mean-field contribution of the s-d interaction.
Furthermore, we see that perturbative arguments with respect to the coupling constant
Jsq can give a wrong impression and have to be handled with care. While there are some
similarities between the effective equations and the Landau-Lifshitz-Gilbert equation, we
find also significant differences originating from the quantum mechanical nature of the
spins and the energetic shifts between spin-up and spin-down states.
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6. Spin dynamics in DMS with

spin-orbit coupling and external
fields

6.1. Interplay between s-d and spin orbit interactions

As described in chapter 2, the spin dynamics in non-magnetic semiconductors is often
dominated by the D’yakonov-Perel’ mechanism. This process requires a k-dependent ef-
fective magnetic field €2y for the carrier spins which originates from spin-orbit coupling.
Here, we discuss the interplay between such spin-orbit coupling effects and the s-d ex-
change interaction for the spin dynamics in DMS, which is presented in [Pub3], [Pub4]
and [Pubj|.

For typical DMS studied in the literature [21] with a Mn concentration of ~ 0.1 —10%,
the s-d interaction leads in general to a much faster spin dynamics than the dephasing in
the effective field. However, in [Pub3] we show how a regime can be reached where both
contributions are of comparable strength. In bulk systems with the Dresselhaus fields,
the effective field is proportional to k3. Thus, the effects of the spin-orbit interaction are
more pronounced when excitation schemes with laser frequencies larger than the band
gap are used. This leads to the excitation of carriers with large kinetic energies and wave
vectors. Another approach for enhancing the effects of the spin-orbit interaction is using
DMS materials with small band gaps. This is because the effective fields result from
mixing between conduction and valence band states, which is inversely proportional to
the band gap. In CdTe, the band gap can be very efficiently controlled by doping with
Hg [78].

The level of theory used for the calculations in [Pub3] and [Pub4] is that of the ef-
fective rate equations (5.5) in the Markov limit derived in [Pub2], where a k-dependent
precession of the carrier spins about the field €2y is added to the equations:

%’SOSI{ = Qk X Sk, (61)
where %| 5o denotes to contribution to the time evolution of the spins due to the spin-
orbit coupling effects.

Figure 6.1 shows the main results of [Pub3] for the situation of a bulk Zng 997 Mng gozSe
DMS with a Dresselhaus field and a Hgg 997, Cd,Mng g3 Te quantum well with a Rashba
field, where y is tuned so that the Rashba coefficient has a value of ap = 4.87 meVnm.
The initial average impurity spin is set to 0.1A and the initial carrier distribution is a
Gaussian peak centered at 10 meV above the band gap with a standard deviation of 3
meV. The initial carrier spins are polarized 45° with respect to the impurity magneti-
zation. For the quantum well, the growth direction coincides with the direction of the
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Figure 6.1.: After [Pub3]: Interplay of s-d and spin-orbit interactions in the dynamics of the modulus
of the parallel and perpendicular carrier spin components in a bulk (3D) DMS with a Dresselhaus field
and a quantum well (2D) with a Rashba field. Key: sd: including the s-d interaction, D: including the
Dresselhaus field, R: including the Rashba field, MF: mean-field approximation of the s-d interaction.

impurity magnetization.

It can be seen in Fig. 6.1 that the dynamics including the s-d interaction and spin-
orbit effects (red solid lines) is very different from the dephasing in the effective fields
alone (blue dotted lines). The s-d interaction alone (green dashed lines), on the other
hand, reproduces well the tendencies in the decay in most of the calculations where both
interactions are present. Only the perpendicular spin component in the three-dimensional
case decays on a time scale defined by the dephasing in the k-dependent field rather than
the s-d spin transfer rate.

In all situations presented in Fig. 6.1, one can find pronounced oscillations with ap-
proximately the mean-field precession frequency of the carrier spins superimposed on the
decay in the simulations accounting for both interactions, which is not reproduced when
only the s-d interaction is considered. These oscillations can be explained by considering
the total effective magnetic field @ = Qi + wys composed of the k-dependent field
Qy and the mean-field carrier spin precession frequency wy; = Jd—Jf,LVM‘<S> Thus, in the
mean-field description, an electron spin precesses about the total effective field €. This
mixes the contributions to the carrier spin parallel and perpendicular to the impurity
magnetization and thereby introduces the oscillations also in the parallel component. For
the perpendicular electron spin component, the mean field due to the impurity spins wj,
notably reduces the dephasing caused by the k-dependent fields, which can be seen by
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6.2. Precession of correlations in a k-dependent effective field

comparing the mean-field calculations (pink dotted lines) with the simulation considering
only the spin-orbit interaction (blue dotted lines).

In [Pub4], we investigate in more detail the spin dynamics caused by the s-d and the
Rashba interaction and study in particular the dependence of the time evolution of the
spin on the excess kinetic energy E., i.e., the center of the peak in the initial spectral
carrier distribution measured from the band edge. In this investigation we find that,
while the s-d interaction predicts an exponential decay of the carrier spin in the Markov
limit, the dephasing of carrier spins in the Rashba field leads to a time evolution of the
spins that can be fitted well by an oscillation with a Gaussian envelope. Thus, whether
the spin dynamics has a Gaussian or an exponential shape can help to distinguish the
regime of dephasing from the regime of spin transfer in the combined dynamics.

6.2. Precession of correlations in a k-dependent
effective field

The effective magnetic field €2y depends explicitly not only on the modulus k& = |k| of the
wave vector, but also on its angle ¢y. In particular, it follows from Kramers degeneracy
that Q_,=— so that averaging over the angle ¢, would predict no effect on the spin
dynamics at all. Thus, the averaging over the angle in k-space, which was employed
before to enable a reduction of the space to be discretized from 4 to 2 dimensions for
quantum wells and from 6 to 2 in bulk systems, is no longer acceptable. This makes it
hard to use the full quantum kinetic theory for extensive studies of the interplay between
spin-orbit effects and the s-d interaction with a large number of parameters.

In the studies of the interplay between the s-d and the spin-orbit interaction in [Pub3|
and [Pub4], the precession of the carrier spins in the k-dependent effective field was added
by hand to the dynamics described by the effective equations (5.5), which were derived
in [Pub2| for the case without a k-dependent field. Thus, effects like the precession of
the correlations in the k-dependent effective field were not taken into account.

In [Pubb], the derivation of effective equations in the spirit of Eqgs. (5.5) is gener-
alized in several aspects. Not only do we take into account the effects of a possibly
k-dependent field on the precession dynamics of the carrier-impurity correlations, but

we also consider an external magnetic field via the Zeeman terms for the carrier and im-

. . . : . 112
purity spins. If the impurity Zeeman energy is accounted for, the source term bff:ﬁﬁf

is no longer negligible. Thus, the generalization complicates the theoretical descrip-
tion significantly. Most importantly, since the correlations possess two k-indices, two
different carrier spin precession frequencies enter in the dynamics for the correlations

Q?‘kkl? = > sty anﬁfolﬁ n [Pubb], we obtain the equation of motion for the
l1,l2,n1,n2
correlations
2 aky ( Qakg + A —|—A 'yk2 + akg _|_bo¢k21
ot Clki T (Wi, — Wiy ) Ik, k; k2 oy lk1 EzngMn ki ki >
(6.2)
I . i
where b;"kkf = > slleflanbﬁZflf . Note that in the above definition of the cor-

l1,l2,m1,n2
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6. Spin dynamics in DMS with spin-orbit coupling and external fields

relations the Latin indices run from 1 to 3 while the Greek indices include also the 0.
Furthermore we define 7, = 8,5, The 4x4 matrices Ay, are defined by

0 i)
e = ( s S, ) ' 03

4

([9%,] X)Z.j = zl: €iji (Q{q)l is the 3x3 cross product matrix. The total mean-field preces-

sion axes and frequencies are

gellB JstMn
= B 4
i{ :Qk + We (64b)
IMniB Jsd
= B ) 4
WMn N + wy Ek Sk (6.4¢)

In order to apply the same steps as in [Pub2| to derive an integral expression for
the correlations, the homogeneous part of Eq. (6.2) has to be solved. Determining the

solution including the inhomogeneities bf‘kl?l requires the inversion of the homogeneous
solution. This step can be done straightforwardly only if one has to deal with simple
precessions where the time evolution can be described by rotation matrices. The pro-
cedure is more complicated in the present case where the precession-type motion of the
correlations in the k-dependent field €| is described by the matrices Ay, .

Nevertheless, we show in [Pubb] that it is possible to analytically calculate the matrix
exponential exp(Ay,t) and thereby its inverse exp(—Ay,t). This enables us to analyti-
cally solve the homogeneous part of Eq. (6.2) and to obtain integral expressions for the
correlations that can be integrated analytically in the Markov limit.

The results of the numerical simulations of the spin dynamics on this level of theory are
shown in [Pub5] to coincide with the predictions of the theory used in [Pub3] without
taking into account the precession of the correlations about the k-dependent effective
field Q. In fact, we were not able to find any set of realistic parameters and excitation
conditions for which a visible difference in the spin dynamics between the two levels of
theory is observable. This finding justifies retrospectively the application of the theory in
[Pub3] and [Pub4] for the discussion of the interplay between the s-d exchange interaction
and the spin-orbit coupling.

6.3. Magnetic-field dependence of the spin transfer rates

The generalization of the derivation of Markovian equations from the quantum kinetic
theory in [Pubb] allows us to fully include the Zeeman energies of carriers and impurities
in the derivation of Markovian expressions for the parallel and perpendicular spin transfer
rates in the presence of an external magnetic field B if spin-orbit fields are negligible.
In this case, the central difference between the theory of [Pub2] and [Pub5] is that the
Zeeman terms are accounted for in the latter which leads to a non-negligible precession of

the correlations around the impurity spin precession axis wy, originating from the term

lonoks I1.2

corresponding to b2 %

in the quantum kinetic equations (5.2). As a result, we obtain
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Figure 6.2.: Adapted from [Pub5]: Magnetic-field dependence of the parallel (1/7) and perpendicular
(1/T+) spin transfer rates normalized to the Fermi’s golden rule value at B = 0. The Markovian results
derived from the full quantum kinetic theory in [Pub5] are represented by the red and blue lines. The
results of the projection operator formalism of Ref. [28] are depicted as pluses and crosses. Calculations
neglecting the impurity spin splitting Aiwng,, as is done, e.g., in Ref. [26], are show as orange and cyan
triangles. The level of theory in Ref. [27] corresponds to disregarding the impurity spin splitting as well
as the carrier spin splitting. The corresponding results are depicted as the orange and cyan lines. The
calculations were made for an 8 nm wide CdTe-based DMS quantum well with doping concentration x
and a thermal carrier distribution with temperature 7' = 4 K.

in the Markovian limit the same equations as Eqgs. (5.5), except that the band splitting
hwys in the memory functions has to be replaced by Aw, — h%'\'/[n? where wl‘\‘/m = W - 2=
The reason for this is that H,,; conserves the spin and therefore a spin-flip of a carrier
is necessarily accompanied with a flop of an impurity spin in the opposite direction. In
the presence of an external magnetic field B, this flop of the impurity spin results in
an energy penalty due to the impurity Zeeman term. Thus, in order to conserve the
spin as well as the total single-particle energies, the difference in kinetic energies of the
states involved in a spin-flip scattering process has to compensate the change of the total

magnetic energies of carriers and impurities hw, — hwl‘\‘/[n.

Interestingly, this correction of the kinetic energy difference due to the impurity Zee-
man energy is often disregarded in the literature [26], even if it is, in principle, accessible
by a golden-rule approach, at least for the parallel spin transfer. In Ref. [27], also the
conduction band spin splitting fiw, has been neglected. In Ref. [28], a projection oper-
ator method was used to investigate the magnetic-field dependence of the spin transfer
rates in DMS. The equations obtained there also contain kinetic energy differences of
hwe + hwl‘\l/[n, which are not compatible with the conservation of the single-particle en-
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6. Spin dynamics in DMS with spin-orbit coupling and external fields

ergies. We attribute this to an error in Ref. [28], where only the positive frequency
component of the carrier spin precession is accounted for and the negative frequency
component is disregarded.

The results for the magnetic-field dependence of the spin transfer rates are shown
in Fig. 6.2 for a Cd;, Mn,Te quantum well with doping concentration z = 1.7% and
x = 0.17%, respectively. Beside the spin transfer rates obtained in the Markovian limit
from the full quantum kinetic theory, also the rates obtained by the projection operator
formalism of Ref. [28] are presented in Fig. 6.2 as well as the rates calculated neglecting
either only the impurity spin splitting Awy, or the impurity and the carrier spin splittings
fuonn and Fuw., which corresponds to the levels of theory in Refs. [26] and [27], respectively.

It can be seen that neglecting the spin splittings can lead to quantitatively and quali-
tatively different behavior of the rates with increasing magnetic fields. The most striking
differences become obvious in the parallel spin transfer rate for large magnetic fields and
low doping concentrations.

Another aspect in which our theory is generalized in [Pubb] is that we do not regard
the DMS quantum well as an ideal 2D system, but as a quasi-two-dimensional system
with a non-constant envelope of the carrier wave function along the growth direction

d
1(z), which enhances the spin transfer rate by a factor of I = d [2, dz[¢(2)]*. This

was also found in studies using other approaches to obtain the spin transfer rates, such
as in Refs. [28, 79] and [21]. Beside the enhancement of the rates, taking into account
the z-dependence of the correlations also allows for a connection of our theory to the
description of collective carrier-impurity precession modes discussed in the literature
[80-84]. There, the carrier-impurity correlations are neglected and the spin transfer is
modeled by a phenomenological rate. With the theory described in [Pub5], we are able
to extract an explicit expression for the spin transfer rate in the situation where the
collective precession modes are relevant.

To summarize, in [Pub3], [Pub4] and [Pub5], we derive effective equations for the
investigation of the interplay between the spin-orbit coupling and the s-d interaction in
the spin dynamics in DMS and we study numerically situations where both interactions
compete with equal strength. Our theory contains many features such as an enhancement
of the rate due to the form of the carrier wave function envelope and it can be used to
find expressions for the carrier-impurity spin transfer rates in the presence of an external
magnetic field. In contrast to most approaches found in the literature, our description
based on the Markov limit of a full quantum kinetic theory conserves the total single-
particle energy and allows not only a derivation of the transfer rate for the parallel
carrier spin component, but also for the perpendicular component of the carrier spin
with respect to the external magnetic field, which is not accessible by Fermi’s golden rule
but is relevant for the description of experiments in Voigt geometry.
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7. Quantum kinetic features and
correlation effects

7.1. Proximity to the band edge as origin of
non-Markovian effects

Already in the first numerical simulations of Thurn’s quantum kinetic equations [23]
genuine quantum kinetic features were found in the spin dynamics in DMS quantum
wells, which deviates visibly from an exponential decay. In particular, a non-monotonic
time evolution of the total carrier spin has been identified as a characteristic signature for
quantum kinetic effects. However, Ref. [23] does not provide a comprehensive explanation
of why these overshoots happen and what exactly the criteria for the appearance of
these effects are. The idea behind [Pub6] is to shed light on the origin of the quantum
kinetic effects by focusing on the smallest set of equations which is able to reproduce the
overshoots. This way, we can extract the mathematical essence of the quantum kinetic
effects.

The starting point are the effective equations (5.5) in the case of zero magnetic field
and impurity magnetization and low carrier concentration, so that Pauli-blocking effects
can be neglected. Taking the finite memory into account, i.e., interpreting the memory
function G as an integral operator, we find:

%swl (t) = —g/dt’ / dw cos[(wy — w)(t —t')]|se, (') + i(sw(t') — Su, (t’))], (7.1)

J2 m*N; . . . . ..
where n = 32242202 g the spin transfer rate obtained in the Markov limit. Here, we

have performed the quasi-continuous limit and replaced the sum over the k-states in the
first Brillouin zone by an integral over the kinetic energy hw = gi};f , where the finite
volume of the Brillouin zone translates into a cut-off frequency wpz. Furthermore, we
focus on the isotropic case in which the angle ¢y of the wave vector k is not important
and the carrier spins s, can be labeled by the frequency w instead of the wave vector k.

We further assume that the spectral spin density s, is a smooth function of w and,
as the Markov limit suggests, scattering only occurs between nearby states with similar
energies Aw. This motivates us to simplify Eq. (7.1) even further by neglecting the
term § (s.(t') — su, (¥')). Although there is no quantitative a prior: justification for this
approximation, we find that the numerical solution of the integro-differential equation
(7.1) and the full quantum kinetic equation produce very similar results for the time
evolution of the total spin.

When the scattering to states with different values of w is neglected, Eq. (7.1) becomes

an integro-differential equation with respect to the time, where w; only plays the role
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of a parameter instead of introducing a second dimension. In this approximation, the
w-integral can be evaluated analytically. We obtain

Eswl (t) = _% t—t H — ¢ Swy <t ) (72)

0

0 n /tdt' [sin[(wBZ —wy)(t —1)] N sinfwq (¢ — t)]

The energy scale defined by the cut-off wgy is much larger than any other energy con-
sidered here. Therefore, the cut-off can be considered as infinite, which enables the
simplification

sinf(wpz — wy) (' —t)]
t—t

— mo(t —t') for wpy — oo. (7.3)

Note that the upper limit of the time integral in Eq. (7.2) coincides with the zero in the
argument of the d-function, so that only half of the d-function contributes to the time
integral.

In the limit wgz — oo, the only two time scales of the problem are the Markovian rate
n and the inverse frequency w;'. Thus, we can rewrite the problem in the form of an
integro-differential equation with a single dimensionless parameter & := ‘%, if the time is
also rescaled by 7 := nt:

.

0 1 1 ,
Sr0elr) = —30e(n) — - [ ar

™
0

sin[¢(7" — 7)]
— e (7). (7.4)
Since the dimensionless equation (7.4) is linear in ®¢, we can, without loss of generality,
set ®¢(0) = 1. This initial condition together with Eq. (7.4) defines the set of functions
®¢(7) which are at the core of the mathematical description of the quantum kinetic
effects.

A first step towards the evaluation of these functions is a Taylor-expansion of ®¢(7)

at 7 = 0. The i-th derivatives @éi) at 7 = 0 can be related to each other using the
integro-differential equation (7.4), which yields the recursion relation

g1y 1 (—1)m o
o = ——ol™H = G iR 7.5
‘ 2 ¢ g 0<2;i—2 2m + 16 ¢ ( )

In order to see that the functions ®, are indeed able to reproduce the physical effect of
the quantum kinetic overshoots and to confirm the validity of the recursion relation (7.5),
we compare the quantum kinetic calculations for the situation studied in Ref. [23] with
the results obtained by calculating the derivatives @éi) to high orders (up to 300) using
the recursion relation (7.5) and evaluating ®¢(7) by its Taylor expansion. The latter
method is similar to the so-called differential transform method (DTM) [85].

Figure 7.1(a) shows the direct comparison of the results of the spin dynamics according
to the quantum kinetic theory and the differential transform method. One can see that
the DTM method perfectly reproduces the results of the quantum kinetic theory as far as
the time evolution of the total spin is concerned. The spectral distribution of the spins,
however, is slightly different in the quantum kinetic theory [Fig. 7.1(d)] and the DTM
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Figure 7.1.: From [Pub6]: (a): Comparison of the spin dynamics simulated by the full quantum
kinetic theory (QKT) and the DTM method of [Pub6] for the case of the Zng.93Mng ¢7Se quantum well
studied in Ref. [23]. (b): Spin dynamics of electrons with a defined value of the kinetic energy hw,
which is expressed in terms of the parameter { = ¢ with Markovian rate 7. (c)+(d): Time-resolved

spectral distribution of spins according to the quantum kinetic theory (d) and the differential transform
method (c).

[Fig. 7.1(c)] due to the scattering to different states in the full quantum kinetic theory
that is not included in the DTM calculation, because, there, the term proportional to
1(sw(t') = s, () in Eq. (7.1) is neglected.

Fig. 7.1(b) shows the results of the DTM calculations for electrons with defined ki-
netic energies and therefore fixed values of £, which corresponds to the functions @5(%).
One can clearly observe that for large values of £ the function ®, (7') approximates the
Markovian result, which is an exponential decay with the rate n. The reason for this
is that, for large values of the kinetic energy w; > 7, the limit of w; — oo leads to a
second o-function in Eq. (7.2), similar to that obtained in the limit wpy; — oo for the
cut-off frequency. In the opposite limit w; — 0, the second term in Eq. (7.4) vanishes
and the solution of Eq. (7.4) is simply an exponential decay with half of the rate n. In
the intermediate regime, oscillations are superimposed on the decay. For a carrier distri-
bution with a finite width, these oscillations partially interfere destructively, producing
the overshoot in the time evolution of the total spin in Fig. 7.1(a).

Now, criteria for the appearance of quantum kinetic overshoots can be formulated:
Deviations from the Markovian behavior require an excitation of carriers very close to
the band edge, where the energy scale hn is defined by the Markovian rate. We can now
also understand why the overshoots are only present in two and one dimensions, since in
three dimensions the density of states goes to zero for w — 0 so that there are only very
few carrier states in the region of interest.

7.2. Mathematical considerations regarding finite
memory effects

In this section, we point out some interesting aspects from the mathematical physics
point of view, which are captured by the integro-differential equation (7.2) but are neither
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discussed in [Pub6] due to length restrictions of the proceedings format, nor published
elsewhere, since these aspects are rather formal and only qualitative conclusions are
reached. Nevertheless we believe that some general insights can be gained from these
considerations.

First, recall that applying Eq. (7.3) also for w; — oo yields the Markovian result,
which is equivalent to Fermi’s golden rule. In this sense, Eq. (7.2) can be used as a
model for studying deviations from the Markovian behavior in more general settings, not
only for the spin transfer in DMS. In particular, one can ask whether it is possible to
derive a general systematic approximation scheme for solutions of equations similar to
Eq. (7.2), which to first order gives the Markovian behavior predicted by Fermi’s golden
rule but provides corrections, if higher orders are taken into account. Such a systematic
approximation would be able to describe situations with short but finite memories.

The question of whether the memory in the situation considered in [Pub6] is short
or long is, in fact, quite tricky. Usually, a memory is called short when it decays expo-
nentially. An algebraic decay of the form A%n is typically considered to be long. Thus,
the memory kernel in Eq. (7.2) formally belongs to the latter case. However, because
oscillations with frequency w; are superimposed on the decay of the memory, quantities
averaged over an interval of values for w; with a finite width are subject to dephasing.
This is also the reason why M — mo(t) for w — oo, which is the shortest possible
kind of memory despite % being long-range. Thus, in this situation the decay is formally
algebraic suggesting a long memory, but average quantities effectively experience a de-
phasing and therefore a short memory. Such a dephasing can also affect the microscopic,
non-averaged quantities, if there is some kind of cross-talk between the s, for different
values of w. In the situation considered here, the terms 1 (s, — s, ) in Eq. (7.1) mediate
such a cross-talk. Also phonons and non-magnetic impurity scattering provide sources
for an effective averaging of the microscopic quantities. However, the shortening of the

memory for the microscopic quantities is hard to capture quantitatively.

Despite the effective shortening of the memory due to dephasing, the fact that the
memory is formally long leads to complications regarding approximate solutions of Eq.
(7.2). For example, one could expect due to the effectively short memory that only
the values of s,(t') around t' &~ t matter in the memory integral in Eq. (7.2) and a
Taylor-expansion of s, (t') about ¢’ & t is helpful. However, note that in

t

: /
/dt’ W (swl &)+ 5O (' = 1) + %sffl) RS ) (7.6)
0
only the first term, which gives the Markovian result, has a converging asymptotic behav-
ior at t — oo, while the second term results in an undamped oscillation and the higher
order terms diverge. Thus, one idea to solve this problem is to search for an infinite
subset of terms in this expansion that can be summed up analytically. This was the
original motivation for employing the differential transform method in [Pub6]. With the
recursion relation (7.5), it is possible to identify contributions to the solutions s, (t) of
the form of sine and cosine integrals and higher integrals thereof. The recursion relation
also allows us to provide analytic results for the solutions ®¢(7) of Eq. (7.4) up to an
arbitrary order in &. The results up to second order are shown as the black crosses in
Fig. 7.1(b) for a value of £ = 0.5. However, we were not able to extract a subset of terms
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which reproduce significant parts of the dynamics found in the full numerical calculations
and also show the correct asymptotics at ¢ — oo.

Another approach for the solution of Eq. (7.4) is a Laplace transformation, in partic-
ular, because Eq. (7.4) is linear in ®¢(7). However, the Laplace transform of ®(7) has
a complicated form with a complex logarithm in the denominator. We did not find any
reasonable approximation that enables an analytic inversion of the Laplace transforma-
tion.

Note also that studying Eq. (7.2) enables us to get some fundamental insights into
how the exponential solutions to rate equations, e.g., from Fermi’s golden rule, can be
reconciled with the microscopic time-reversibility of the Schrodinger equation. The full
quantum Kkinetic theory is time-reversible, which can be seen from the fact that the
dynamics starts quadratically in time [22]. However, the Markov limit predicts an expo-
nential decay, which starts linearly in time and thereby destroys the time-reversibility.
Here, we can pinpoint this loss of time-reversibility to the assumption of wgy; — o0,
since before this step, the solution to the integro-differential equation starts quadrati-
cally in time and after it, a non-zero value of the first derivative @él) is obtained. To
further understand this transition, we focus on the simplest case w; = 0. Then Eq. (7.2)
becomes

t

280(15) — _Q/dt/Sin[(sz)(t/ - t)]So(t/). (77)

ot s t—1
0

Assuming that wgy is very large, but finite, and that the memory is short enough so
that so(t') = so(t) is a good approximation, we find

%so(t) N — g[%Si(szt)]So(t% (7.82)
Si(x) / Jy! sin;/:v’)’ (7.8b)

with the sine integral Si(z), which is depicted in Fig. 7.2. There, one can see that the
sine integral starts linearly in x, reaches a maximum at x = 7 and starts to oscillate with
a decaying amplitude about an asymptotic value of 7. For the solution of Eq. (7.8a) this
means that, on a coarse-grained time scale ¢ > ﬁ where the sine integral is essentially
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constant with Si(z) ~ 7, one finds for the coarse-grained time evolution of the spin:

%so(a ~ = D50 = 50(0) = 50(0) ¥ = 5(0) (1 - 11) + 0, (7.9)

which starts linearly in time, whereas a formal Taylor expansion of Eq. (7.7) gives

%so(t) - g(t + O(t%)) so(t) = so(t) = 50(0) + O(t?), (7.9b)
which remains quadratic in time. Thus, the contradiction between the time-reversibility
in the microscopic picture and the exponential behavior predicted by rate equations is
resolved by the fact that the latter describe an approximate behavior on a coarse-grained
time scale, whereas, actually, oscillations with frequencies corresponding to the cut-off
wpyz are superimposed on the decay in the microscopic picture.

7.3. Carrier-impurity correlation effects beyond spin-flip
scattering

Historically, one of the first investigations of solid state systems where magnetic impu-
rities play a key role were unintentionally magnetically doped metals. Already in the
1930s, measurements of the low-temperature conductivity in gold wires showed that the
resistivity first decreases with decreasing temperature, but then it reaches a minimum
and starts to increase logarithmically at even lower temperatures [86]. It was Kondo
who explained this logarithmic divergence in the resistivity with the presence of mag-
netic iron impurities in the gold wire [55], which is therefore called the Kondo effect.
This work, which uses a third-order perturbative treatment of the Kondo Hamiltonian
H,, for the calculation of transition probabilities, appeared in the 1960s. Experiments
at even lower temperatures 1" show that the resistivity in these Kondo systems actually
reaches a constant value at T — 0 [87]. A satisfactory theoretical explanation of this
very-low-temperature regime was missing for quite some time. This was known as the
Kondo problem. Today, the Kondo problem is generally considered to be solved by a
non-perturbative description of strongly correlated many-particle states [59]: At very
low temperatures, a few of the quasi-free carriers in the metal form singlet spin states
with the magnetic impurities. This way, the magnetic interaction is effectively screened
for all the other quasi-free carriers. The singlet formation implies that the ground state
of this system is a state with strong correlations between the quasi-free carriers and the
magnetic impurities.

In the context of DMS, the Kondo-type correlations are rarely discussed. The reason
for this is that the number of free carriers in metals is much higher than in semiconduc-
tors. While for the magnetically doped metals the number of carriers is much larger than
the number of magnetic impurities N, > Ny, the DMS are typically in the opposite
limit N, < Nuyy. For this reason, it has been argued [88] that the Kondo physics is
of minor importance for the spin phyics in DMS. On the other hand, a perturbative
many-body description of the spin dynamics in DMS based on Green’s functions [74]
found Kondo-like logarithmic divergences, which makes this treatment ill-defined but
implies that carrier-impurity correlations can indeed be significant in DMS. Moreover, it
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7.3. Carrier-impurity correlation eftects beyond spin-flip scattering

was found that the carrier-impurity correlations can have a strong impact on, e.g., spin
stiffness and Gilbert damping in ferromagnetic Ga;_,Mn,As [73].

In this section, we discuss the importance of carrier-impurity correlations for the spin
physics in DMS as presented in [Pub7]. Beside the spin transfer between carriers and
impurities in spin-flip scattering processes mediated by the correlations, the correlations
renormalize the carrier spin precession frequency with respect to its mean-field value.
Furthermore, the formation of carrier-impurity correlations leads to a build-up of carrier-
impurity correlation energy, for which we derive analytic expressions in the Markovian
approximation in [Pub7]. For both quantities, we find Kondo-like logarithmic divergences
which are, however, integrable and do not lead to problems in the theory like in other
approaches [74].

The starting point of this discussion is the effective equation for the carrier spin com-
ponent perpendicular to the impurity magnetization derived in Ref. [Pub2]. For the sake
of clarity, we consider the case of low carrier densities, where only terms linear in the

electron variables sﬁl and nlt/l ¥ are important. Then, Eq. (5.5b) becomes

ot 2 2

wiey —wary O wie, +wnr 07
+ [wM -y {Im(kal )5 — Im(GE )3}] (“’—M X s¢1>, (7.10)

k v

a 1 Wk, —WM b+ 1 wk1+wM b_ 1 Wiy bH n n
—sii, = — ) |Re(GE2 ™) Ssy, + Re(Gox )i+ Re(Go) 5 (sic + si,)
k

where wy; = %(& While the real part of the memory function describes the decay
of the perpendicular carrier spin caused by spin transfer processes between carriers and
impurities, the imaginary part renormalizes the carrier spin precession frequency. In the
Markov limit, one finds

0
w J2,Nyin . J2,Na 1
Im(Goyl) = 7;2‘/2 /dt' sinf(wy — wi, )] ~ — 7;2‘/2 o (7.11)

—t

In the quasi-continuous limit, the k-sum in Eq. (7.10) can be replaced by an integral
over the density of states D(w)

WBZ

Z...—>/de(w)..., (7.12)

0

with a cut-off frequency wgyz chosen so that hwpgy corresponds to the width of the con-
duction band.

In two dimensions, the spectral density of states D(w) = %@(w) is step-like, yielding
a renormalization Aw?”(k;) of the spin precession frequency for an electron with wave
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Thus, the Markovian expression for the renormalization of the spin precession fre-
quency of an electron with wave vector k; diverges logarithmically for wyx, — wj; and
wpyz — o0o. If, however, a non-singular carrier distribution of carriers is considered, the
precession frequency of the total spin is always finite, since the logarithmic divergence
is integrable. Furthermore, the divergence is only present in the Markov limit, i.e., at
t — oo. However, the perpendicular carrier spin component eventually decays to zero,
so that a diverging frequency renormalization can never be observed.

From Eq. (7.13) it can be seen that the frequency renormalization depends on the value
of the cut-off energy hwgz. In typical semiconductors, the bandwidth of the conduction
band is on the order of a few eV. Accounting for the whole conduction band in the
integration of the full quantum kinetic equation is, however, not feasable. This can be
easily seen by the following estimation: The correlations oscillate approximately with
cos|(wk, — wk,)t]. For wy, —wk, =~ wpyz, the oscillation period corresponds to hundreds
of attoseconds. On the other hand, the spin dynamics takes place on a scale of ~ 10 ps,
which is 5 orders of magnitude larger. Conversely, the time scale of 10 ps for the spin
dynamics implies the necessity to resolve wy, — wy, on a scale of 10-100 peV, which is
4 to 5 orders of magnitude smaller than the typical cut-off energy hwgz. Moreover, the
solution of the full quantum kinetic equation is quadratic in the number of discretization
points Ny of the k-space.

Here, we solve this problem using a similar approach as the no-scattering-approxi-
mation in [Pub6]: We assume that the perpendicular carrier spin is a smooth function
of k and we replace si by s, in Eq. (7.10). This approximation is justified for the
investigation of the renormalization of the precession frequency because si- only appears
in a term that is also proportional to the real part of the memory function and it does
not influence the spin precession frequency. As a result, the equations of motion for sﬁl
with different values of k; decouple and become of the order O(N}) for each value of
k;. Integrating over the results for different values of k; can be done on a much coarser
energy scale, since the resulting functions sﬁl (t) are smooth in k;. Also a restriction to a
spectral region close to the conduction band edge is possible for the integration over kj.

In order to keep the memory effects, the memory function G has to be regarded as a
time integral operator and the effective equations become integro-differential equations.
After applying the approximation si ~ Sﬁl, these integro-differential equations can be
transformed into ordinary differential equations by introducing auxiliary functions, which
mathematically play a similar role as the carrier-impurity correlations in the full quan-
tum kinetic theory. This procedure allows us to account for memory effects while still
spectrally resolving the full conduction band.

From the numerical calculations for d-like initial carrier distributions shown in Fig.
7.3(a), it is found that the Markovian expression in Eq. (7.13) for the frequency renormal-
ization yields virtually the same result as a fit to the simulations including the memory,
even for carriers close to the divergences. The calculations shown in Fig. 7.3(b) using
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Figure 7.3.: Adapted from [Pub7] (sign according to the erratum): (a): Relative frequency renormal-
ization Aw/wys as a function of the kinetic energy of a single electron for an average impurity spin of
0.5% and 0.05A, respectively, in two- and three-dimensional systems. The lines represent the results of
the Markovian expressions, whereas the points show the results of fits to simulations including a finite
memory using Eqs. (15) of [Pub7]. (b): Relative frequency renormalization as a function of the average
impurity spin for a Gaussian electron occupation with standard deviation E centered at the singularity
of the renormalization (cf. inset).

more realistic initial carrier distributions with finite widths predict a renormalization of a
few percent for small impurity magnetizations. Note that it is necessary for the detection
of the precession frequency that the impurity magnetization is finite and the oscillations
are not overdamped. Thus, there is a limited range of parameters for which a significant
detectable renormalization of the precession frequency is predicted in [Pub7].

Beside the frequency renormalization, also the carrier-impurity correlation energy is
extracted in [Pub7] from the quantum kinetic theory as a functional of the occupations
n; and ntl. To this end, the Markovian expression for the correlations is inserted into
the definition of the correlation-energy:

(Ha') =(Hea) — (H')

=7 hw s Sk
Kk

(7.14)

JsaNain ;
= %ZZQZS

kiks ¢

The explicit expression for the correlation energy depends on the memory function Gzif
only via its imaginary part. Thus, in two dimensions, one obtains the same kind of
logarithmic divergences in the correlation energy as in the frequency renormalization.
Numerical estimates yield values of the correlation energy per electron of several hun-
dred peV, which is of the same order of magnitude as thermal energies in Helium-cooled
systems. Thus, the correlation energy might also be relevant for thermodynamic consid-
erations, such as for the formation of free or bound magnetic polarons that are mostly dis-
cussed in the literature in a semiclassical picture without accounting for carrier-impurity
correlations [36, 66, 72, 89, 90].

So far, we have summarized the logarithmic divergences found in the renormalization of
the carrier spin precession frequency and the correlation energy in two dimensions. The
three-dimensional case is also discussed in [Pub7]. Due to the difference in the density of
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7. Quantum kinetic features and correlation effects

states, also the expressions for the frequency renormalization and the correlation energy
are different in two and three dimensions. As can be seen in Fig. 7.3(a), there are no
divergences in three dimensions and, there, the correlation effects are, in general, weaker
than in lower-dimensional systems.
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8. Optical excitation

8.1. Quantum kinetic treatment of the light-matter
interaction

The predictions of genuine quantum kinetic effects, such as the non-monotonic dynamics
of the carrier-impurity spin transfer, are yet to be tested experimentally. In order to pave
the way to a future experimental confirmation of our predictions, it is useful to figure
out what excitation conditions lead to particularly pronounced quantum kinetic effects.

In [Pub8], we address the question of how the strength of the deviations from the
Markovian behavior depends on the duration of a pump pulse. Furthermore, we compare
two different materials, Cd;_,Mn,Te and Zn;_,Mn,Se, for the suitability for experiments
highlighting the non-Markovian features. Finally, the dependence of the strength of the
quantum kinetic effects on an external magnetic field is investigated.

An important difference between the theory in [Pub8] and the approaches studied
before in this thesis is that the optical excitation is taken into account on a quantum
kinetic level instead of resorting to initial-value calculations. Thurn’s original quantum
kinetic theory [22] already contains the light-matter interaction as well as the valence
band and the interband coherences. Also, the optical excitation has been taken into
account explicitly in a first quantum kinetic calculation in Ref. [24] for the case of the
same Zngg3Mngg7Se quantum well that was also studied in Ref. [23] using initial-value
calculations. These studies showed that the non-Markovian features in the results of
the initial-value calculation are indeed also predicted in calculations where the optical
excitation is treated on a quantum kinetic level.

However, only a single set of material parameters and excitation conditions was con-
sidered in Ref. [24]. In [Pub8], calculations for a number of different situations are
presented. First of all, a comparison is made between the spin dynamics in Cd;_,Mn,Te
and Zn;_,Mn,Se after an excitation with a circularly polarized pump pulse with pulse
duration 7, = 1.7 ps. It is found that the non-Markovian features are more pronounced
in the case of Zn;_,Mn,Se. This can be explained by the fact that the effective con-
duction band mass in ZnSe is about twice as large as the effective mass in CdTe and
the spin transfer rate n is proportional to the effective mass. As found in [Pub6], the
deviations from the Markovian behavior are particularly strong for an excitation close
to the band edge, where the spectral distance of the carriers to the band edge has to be
compared with the energy scale hn corresponding to the spin transfer rate 7. The optical
excitation of a similar electron distribution in Zn;_,Mn,Se and Cd;_,Mn,Te results in
an occupation of states which, in Zn;_,Mn,Se, is closer to the band edge when measured
on the scale An. Since this closer proximity of the optically excited states to the band
edge in Zn;_,Mn,Se leads to a deeper memory, the non-Markovian features, such as the
non-monotonicity in the spin dynamics, are more pronounced.

Second, we investigate the changes in the shape of the time evolution of the carrier
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Figure 8.1.: From [Pub8]: Time evolution of the total carrier spin in a 4 nm wide Zng g3Mng g7Se
quantum well after optical excitation with a pulse duration of 7, = 1.7 ps in the presence of a magnetic
field of B = 10 mT (a) and B = 100 mT (b), respectively. (c): Occupations of spin-up and spin-down
electron states at different times ¢ with respect to the center of the laser pulse. (d): Diagram depicting
the spin-flip scattering between spin-up and spin-down subbands.

spin polarization when lasers with different pulse durations 7, are used for the optical
excitation. As expected from the results of the initial-value calculations, we find that, for
short pulse durations 7, compared with the spin transfer time =1, the optical excitation
leads to a spectrally broad carrier distribution with most of the electrons occupying
states with kinetic energies above hAn. Thus, the non-Markovian features are diminished.
For long pulse durations, the spin transfer is already active during the optical excitation
and one might expect that the non-Markovian effects are smeared out. However, the
characteristic non-monotonic time evolution of the non-Markovian dynamics can still be
found in calculations where the pulse duration 7, is about three times longer than the spin
transfer time n~!. Our findings indicate that the optimal pulse duration for experiments
aimed at detecting the genuine quantum kinetic features in the spin dynamics in DMS
is slightly longer than the spin transfer time of the system under investigation.

Finally, in [Pubg], it is studied how an external magnetic field influences the quantum
kinetic features in the spin dynamics in DMS. To this end, the quantum kinetic theory
of Ref. [22] is extended to include not only the optical excitation on a quantum kinetic
level, but also the Zeeman energies for carriers and impurities. The effects of an exter-
nal magnetic field along the growth direction on the spin dynamics in a Zngg3Mng g7Se
quantum well are shown in Fig. 8.1.

Two effects of the external field on the quantum kinetic features are clearly seen in
Fig. 8.1: First of all, the non-monotonicity of the time evolution of the spin polarization
is suppressed when an external magnetic field is present. This is due to the fact that
the spin-flip scattering leads to an occupation of electronic states with kinetic energies
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8.2. Optical excitation using twisted light

increased by Aw, — hwy, with respect to the original states. This drives the carrier distri-
bution away from the band edge, which according to [Pub6] reduces the non-Markovian
effects.

Second, the stationary value of the carrier spin obtained at long times ¢ is drasti-
cally different in the quantum kinetic simulation compared with the Markovian result.
To understand this, it is useful to look at the spectral redistribution of carriers [cf.
Fig. 8.1(c)] after the optical excitation close to the band edge. While the distribution of
the scattered electrons is a replica of the original distribution at the band edge shifted
by hAw. — hwy, according to the Markovian calculation, the quantum kinetic calculation
predicts a broadening of the distribution of the scattered electrons. A broadening of car-
rier distributions in quantum kinetic calculations is usually attributed to the energy-time
uncertainty [91, 92]. Interestingly, in the case studied here, the width of this distribution
does not contract with time, so that, here, the energy-time uncertainty is ruled out as the
main cause of the broadening. Instead, the reason for the broadening of the distribution
of scattered electrons in the present case is that the s-d interaction builds up strong
correlations between carriers and impurities so that the single-particle picture becomes
invalid. The quantum kinetic calculation conserves the total energy including, beside
the single-particle energies, also the many-body carrier-impurity correlation energy. The
latter is responsible for the apparent non-conservation of the single-particle energy in
spin-flip scattering processes.

The width of the distribution of scattered electrons has an influence on the dynamics of
the total spin mainly by the occupation of spin-down states with kinetic energies below
hwe — hwy,.  For these states, the backscattering to the spin-up subband is strongly
suppressed, since there are no states in the spin-up band with matching single-particle
energies to which they can scatter back. Thus, the scattering from the spin-up to the
spin-down band is preferred to the scattering in the opposite direction. In this sense, the
spin-flip scattering in the presence of an external field has some similarities to a quantum
ratchet [93].

To summarize, [Pub8] predicts that the non-Markovian effects are most likely observ-
able in ZnSe based DMS excited with pump pulses with pulse durations on the order of
or slightly longer than the spin transfer rate. For a non-zero external magnetic field and
in the absence of other relaxation and thermalization mechanisms, the quasi-stationary
value of the spin polarization at long times can serve as an indicator for genuine quantum
kinetic effects.

8.2. Optical excitation using twisted light

A relatively new area of research is the study of light with orbital angular momentum
or twisted light [94]. Earlier work by Quinteiro and Tamborenea [95] suggests that the
orbital angular momentum of twisted light can, in principle, be transferred to optically
induced carriers in semiconductors. In the context of DMS, it is an interesting ques-
tion whether this mechanism can be used to control the carrier spins and, via the s-d
interaction, the spins of magnetic impurities in DMS.

To understand the concept of twisted light, it is necessary to go beyond the picture
of a spatially homogeneous electromagnetic field of the laser beam. The propagation
of a monochromatic light beam is described by the Helmholtz equation [96] which can
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directly be derived from the homogeneous Maxwell’s equations. Considering a light beam
traveling along the z axis, one can apply the paraxial approximation to the Helmholtz
equation. Then, the transverse spatial part v(x,y) of an amplitude of the electromagnetic
field (E or B) has to obey

(g + g+ 1 )vem =0, 8:1)
A set of solutions to the paraxial Helmholtz equation (8.1) in polar coordinates is [96]

v(p,®) = voJm(kLp)e™?, (8.2)

where J,,,(x) are Bessel functions and m is an integer. These solutions to the Helmholtz
equations are dispersionless, i.e., they do not change their form while propagating along
the z direction. The vector potential in Coulomb gauge corresponding to such a Bessel
beam in the paraxial approximation is [95]

A(r,t) = Re{Aoei(qzz"”t)ei Jl(qTT)eﬂ‘z’}, (8.3)

where [ is the orbital angular momentum of the light, ¢, and ¢, are the linear momenta in
the z direction and the radial direction, respectively, and e, = e, ie, is the polarization
direction of the light, where e,/, are the unit vectors in the x and y directions.

Most experiments involving optical excitation of semiconductors by laser beams use
classical light, which has an average orbital angular momentum of zero. In Ref. [95], the
matrix elements for the excitation of semiconductor quantum wells with twisted light
for arbitrary values of m were derived using the minimal coupling Hamiltonian together
with the expression for the vector potential in Eq. (8.3). It was also shown analytically
that light with orbital angular momentum [ induces only transitions between valence
and conduction band states with envelope orbital angular momenta differing by /. This
orbital angular momentum selection rule follows directly from the conservation of the
linear momentum in the absorption process.

The goal of [Pub9| is to follow up on the advances made in Ref. [95] and present
numerical simulations of the optical excitation based on the transition matrix elements
derived in Ref. [95]. Besides simulating the optical excitation, also the subsequent spin
dynamics in the presence of a Rashba field is calculated in [Pub9], which enables an
investigation of the transfer of the envelope orbital angular momentum from the optically
excited carriers to the carrier spin degree of freedom.

Some technical difficulties arise when studying the optical excitation of quantum wells
with twisted light. First of all, the cylindrical symmetry of Bessel modes as well as
their spatial localization make it difficult to investigate the excitation in the commonly
used picture of an ideal quantum well with an infinite area and rectangular boundaries.
Instead, we consider cylindrical quantum disks with finite radii R and we are especially
interested in the limit R — oo, which corresponds to an extended quantum well. The
electronic eigenstates of a finite-size quantum disk in zylindrical coordinates (r, ¢, z) are

wbmu (ra ¢7 Z) = Nmujm<kmur)eim¢q)b(z>, (84)

where N, is a normalization constant, kn,, = uy,,/R with u,,, being the v-th root

o8



8.2. Optical excitation using twisted light

121  R=12umi=0 — |
1k R:12:umvl:_5 """"" |
\ R=5um,l =0
0.8 \ R =5um,l=5
g [\ R=10um,l=0 i
= 8y R=10pum,l=5 R
< 06 r "‘ e oeriwrs ereeeT]
2 04t ¢
2,
£ 02t}
0
-0.2

0 50 100 150 200 250 300
t/ag (nm~1)

Figure 8.2.: From [Pub9]: Time evolution of the electron spin polarization after optical excitation with
light with orbital angular momentum [ for quantum disks with radii R.

of the m-th Bessel function J,, and b comprises the spin and band indices. The term
N I (k)€™ ® plays the role of the envelope of the carrier wave function, which
corresponds to the plane wave iAek'r in an infinite quadratic quantum well. Similarly,
®, replaces the periodic Bloch function in the infinite well. It is noteworthy that the
states 1y, comprise three different angular momenta, viz., the spin and the orbital
angular momentum within one unit cell contained in ®, as well as the envelope orbital

angular momentum m.

For the simulations in [Pub9], the matrix elements of the light-matter interaction as
well as the Rashba interaction in the basis of the orbital momentum eigenstates vy, have
to be calculated. This calculation reveals that the twisted light excites states with defined
envelope orbital angular momenta, i.e., only diagonal elements of the carrier density
matrix with respect to m. Furthermore, for each excited conduction band electron with
envelope orbital angular momentum m, also a hole is excited in the valence band with
envelope orbital angular momentum [ — m. Thus, the orbital angular momentum of the
light [ is completely transferred to the envelope orbital angular momenta of the carriers.

Focusing on the conduction band (b = ¢), the matrix elements of the Rashba interaction
Hp in the orbital momentum eigenstate basis are

hQkaV km’z/

c/m/v! H cm,y) —
<w | RW ,MM, > R<k72n,j o k?n/,//

) (S:Ccém’,mfl - St;cém’,erl), (85&)
which for large values of R becomes

<wc/m/,,/’HR’¢cym7,,> — hOtRk(S(k — k’) (S;c(sm/,m,1 — Sgcém/,erl)- (85b)

Thus, the Rashba interaction increases the spin, while the envelope orbital angular mo-
mentum is decreased and vice versa. For R — oo, k corresponds to the modulus of the
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8. Optical excitation

carrier wave vector and remains unchanged under the action of Rashba interaction.

Figure 8.2 shows the time evolution of the carrier spin polarization after the optical
excitation with a circularly polarized twisted light beam. Note that the spin dynamics
does not depend on the sign of the orbital angular momentum [ of the exciting light pulse
and for large radii R also the dependence on the modulus of | becomes negligible. We
explain this behavior as follows: When the Rashba interaction acts on a spin-up electron
with envelope orbital angular momentum m, it flips its spin and increases m by 1. When
the Rashba interaction acts a second time on the electron, it can only flip its spin back to
the spin-up state and the envelope orbital angular momentum decreases again to m, so
that the initial state is restored. This behavior is almost independent of the value of m of
the initial state. The slight differences in the spin dynamics after optical excitation with
light with different orbital angular momenta originate from the irregularities of the roots
of the Bessel functions which determine the prefactor of the Rashba matrix element in
Eq. (8.5a) and are therefore only important if the radius of the quantum disk is so small
that the optical excitation spectrally resolves the individual states. This is consistent
with the findings of Ref. [97] that twisted light can, in principle, be used to control the
spin states in quantum dots.

However, in extended systems (R — o0), the spin dynamics cannot be efficiently
controlled by tuning the orbital angular momentum of the exciting light. Therefore, it
is not very promising to try to control spins of magnetic impurities in extended DMS
by the twisted light via the cascade of the optical excitation of quasi-free carriers, the
subsequent transfer of angular momentum to the spin by the spin-orbit interaction and
the ensuing carrier-impurity spin transfer caused by the s-d interaction.
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9. Influence of non-magnetic impurity
scattering

If semiconductors are doped isoelectrically with non-magnetic impurities, the main effect
on the quasi-free carriers in the semiconductor is that they experience a change in the
local crystal potential. This local potential breaks the translational crystal symmetry
and leads to a coupling between states with different wave vectors. If the local potential
is small, it is instructive to consider the picture in which carriers in plane wave states
are scattered at the impurities and change their wave vectors. The goal of [Pub10] is to
understand how such a non-magnetic local potential affects the spin dynamics in DMS,
where both, the magnetic and non-magnetic potentials [cf. Egs. 2.5 in section 2.2.2] are
present.

In the case of CdTe, the incorporation of Mn impurities leads concurrently to a non-
magnetic local potential with a coupling constant Jy which is about a factor of 7 larger
than the magnetic coupling constant Jy; [98]. Despite its strength, the non-magnetic
carrier-impurity interaction is usually neglected in the description of the spin dynamics
in DMS because it commutes with the spin-operators and therefore influences the spin
dynamics only indirectly. However, as discussed above, our quantum kinetic theory shows
that the spin dynamics in DMS can depend on the dynamical redistribution of carriers
in k-space. Since such a carrier redistribution is also facilitated by scattering at a non-
magnetic local potential, the latter might have an influence, e.g., on the non-Markovian
effects in the spin dynamics in DMS.

In [Publ0], the quantum kinetic theory is extended to incorporate beside the mag-
netic s-d interaction and the Zeeman energies of carriers and impurities in an external
field also the non-magnetic carrier-impurity interaction. Following the line of [Pub5], the
Markovian limit of the quantum kinetic theory is derived. Furthermore, the Markovian
expressions for the correlation energies and the renormalization of the carrier spin pre-
cession frequencies are presented, where, in contrast to [Pub7], also the non-magnetic
carrier-impurity correlations are taken into account.

Using this theory, numerical simulations are presented in [Publ0] for the case of a
Cdg.93Mng g7 Te quantum well where the optical excitation is modeled by choosing a spin
polarized Gaussian initial carrier distribution with a standard deviation of EF;, = 0.4
meV. The results of the calculations for the case of vanishing magnetic field are shown
in Fig. 9.1(a). While the quantum kinetic theory without the non-magnetic impurity
scattering predicts an overshoot of the spin polarization below its asymptotic value at
long times, accounting for non-magnetic impurity scattering in the quantum kinetic
theory leads to a monotonic time evolution of the spin polarization close to the Markovian
result.

In Fig. 9.1(b), the distribution of carriers in k-space at ¢ = 10 ps is shown for calcu-
lations with and without impurity scattering. In the calculation without non-magnetic
impurity scattering, the initial carrier distribution is slightly broadened. If the non-
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Figure 9.1.: Form [Publ0]: (a): Spin dynamics in a 4 nm wide Cdg.93Mng g7 Te quantum well with
(Jo = 110 meVnm?®) and without (J; = 0) non-magnetic impurity scattering calculated using the
full quantum kinetic equations of [Pub10] (QKT1), using quantum kinetic equations neglecting source

terms for correlations similar to bffgflﬁf t (QKT2) and using the Markovian limit of QKT2. The inset

shows a magnification of the region where the simulation without non-magnetic scattering predicts a
non-monotonic behavior. (b): Spectral distribution of carriers at t = 0 and ¢ = 10 ps.

magnetic impurity scattering is accounted for, the redistribution of carriers is very much
enhanced, so that states with kinetic energies of a few meV above the initial peak are
occupied. Since, as explained in [Pub6], the non-Markovian features in the spin dynamics
are only strong for carriers very close to the band edge, the redistribution of carriers to
states with much higher kinetic energy suppresses the non-Markovian behavior drasti-
cally.

The substantial redistribution of carriers in k-space for B = 0 is at odds with the
conservation of the single-particle energies. Note, however, that the strong non-magnetic
carrier-impurity interaction leads to the formation of correlations with a significant
amount of (negative) correlation energy, as depicted in Fig. 9.2. This correlation en-
ergy compensates the increase of the kinetic energy of the carriers. Furthermore, Fig. 9.2
shows that the analytic expressions for the correlation energies derived in [Publ0] in
the Markov limit reproduce the correlation energies obtained from the quantum kinetic
simulations very well after a quasi-stationary value of the correlation energy is reached.

The fact that the non-magnetic impurity scattering, which is always present in DMS,
suppresses the characteristic features of non-Markovian behavior in the case of the con-
duction band of Mn-doped CdTe raises the question whether there are actually situations
in which non-Markovian behavior can be expected to appear in real DMS samples. To
this end, we study in [Publ0] the spin dynamics in a degenerate valence band in a
Cdg.93Mng g7 Te quantum well and we simulate the spin dynamics using the material pa-
rameters for heavy holes. Since the magnetic coupling constant in the valence band of
Mn-doped CdTe is about 4 times larger than in the conduction band [54] and the non-
magnetic coupling constant is very small in the valence band [99], the non-Markovian
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Figure 9.2.: From [Publ0]: Kinetic and correlation energies per electron according to the quantum
kinetic calculation including non-magnetic impurity scattering (lines). The results of the analytic ex-
pressions for the correlation energies for the occupations obtained from the quantum kinetic simulation
are shown as pluses and crosses. The kinetic energy according to the Markovian calculation is depicted
by the circles.

effects are found to be more pronounced and no suppression due to the non-magnetic
impurity scattering is observable in the valence band. Of course, a more realistic valence
band structure requires to take into account the confinement potential, strain and the
spin-orbit coupling. These effects lead, e.g., to a splitting between the heavy-hole and
light-hole bands. Thus, the results of these calculations are not expected to describe
comprehensively the hole spin dynamics in a real DMS quantum well, but they show
that, in the valence band, the non-magnetic impurity scattering does not suppress the
non-Markovian effects in the spin dynamics in DMS.

Furthermore, the influence of the non-magnetic impurity scattering on the spin dy-
namics in DMS in the presence of an external magnetic field parallel and perpendicular
to the initial carrier spin polarization is discussed in [Publ0]. If the initial carrier spin
polarization is parallel to the external field, it was already shown in [Pub8] that the
quantum kinetic theory and its Markov limit predict very different stationary values of
the carrier spin polarization. This is related to a broadening of the distribution of scat-
tered carriers, which is enabled by the release of magnetic carrier-impurity correlation
energy. In [Publ0] it is found that the non-magnetic carrier-impurity interaction leads
to additional contributions to the carrier-impurity correlation energies, which enhances
the broadening of the scattered carrier distribution and thereby increases the difference
between the stationary values of the carrier spin polarizations according to the quantum
kinetic and the Markovian calculations.

If an external magnetic field is applied perpendicular to the initial carrier spin polar-
ization, the carrier spins precess about the effective magnetic field due to the external
field and the impurity magnetization. It was shown in [Pub7] that the carrier spin pre-
cession frequency is renormalized due to the magnetic carrier-impurity interaction. In
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9. Influence of non-magnetic impurity scattering

[Pub10], we find that, when the non-magnetic interaction between carriers and impuri-
ties is considered, a new contribution to the frequency renormalization appears, which is
absent if either the magnetic or the non-magnetic interaction is disregarded. In the case
of the conduction band of Cd;_,Mn,Te, the magnetic and non-magnetic coupling con-
stants have different signs, which results in a partial cancellation of the purely magnetic
contribution to the renormalization and the new contribution due to the non-magnetic
impurity scattering. In contrast to the purely magnetic contribution, which is only sig-
nificantly strong in a narrow regime of excitation conditions, the new contribution is
important in many more situations. Because the magnitude of the frequency renormal-
ization is of the order of a few percent of the mean-field value of the precession frequency,
it can be expected that the renormalization of the precession frequency is strong enough
to be observable in experiments.

In summary, non-magnetic scattering of electrons at the impurities in DMS leads to a
suppression of some non-Markovian effects in the spin dynamics in certain situations, such
as in the conduction band of Mn-doped CdTe. The non-magnetic interaction leads also
to the build-up of non-magnetic carrier-impurity correlations with significant correlation
energies facilitating a strong redistribution of carriers in k-space. In the presence of
an external magnetic field, the correlations are responsible for significantly modifying
the asymptotic value of the carrier spin polarization parallel to the external field at
long times. Furthermore, the magnetic and non-magnetic carrier-impurity correlations
renormalize the carrier spin precession frequencies about a few percent.
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10. Summary & Outlook

10.1. Summary

In this thesis, a quantum kinetic description of the spin dynamic in diluted magnetic
semiconductors was presented including a number of interactions: the magnetic s-d ex-
change interaction between carriers and magnetic impurities, the Zeeman energies of car-
riers and impurities, spin-orbit interactions in the form of k-dependent effective fields,
the light-matter interaction as well as the non-magnetic interaction between carriers and
impurities.

Earlier studies [23, 24] focused on the s-d interaction and the case of zero magnetic
field and impurity magnetization and demonstrated that in some cases, such as in two-
dimensional diluted magnetic semiconductors, the quantum kinetic theory yields a spin
dynamics that cannot be captured by Markovian rate equations. In other cases, in
particular in bulk DMS, the quantum kinetic theory predicts an exponential decay of
the optically induced carrier spins, which, for the case of vanishing magnetic field and
impurity spin, agrees well with rate equations where the spin-transfer rate is obtained
by Fermi’s golden rule.

In [Publ] and [Pub2], we showed how Markovian effective equations can be derived
from the quantum kinetic theory that reproduce well the dynamics predicted by the quan-
tum kinetic calculations for three-dimensional systems, even in the case with non-zero
impurity magnetization. In comparison with Fermi’s golden rule, the approach presented
here has the advantage that one obtains equations not only for the carrier spin component
parallel to the impurity magnetization, but also for the perpendicular component, which
is relevant for the description of experiments in Voigt geometry. The effective equations
show some similarities to the phenomenological Landau-Lifshitz-Gilbert equations. How-
ever, the effective equations contain corrections due to the quantum mechanical nature
of the impurity spins as well as energetic splittings and Pauli-blocking effects. The ener-
getic splittings in the Markov limit are found to be related to a precession-type motion of
the carrier-impurity correlations, which is important for a suitable description of the spin
dynamics, although the source terms responsible for the precession of the correlations
are higher than leading order in the coupling constant Jgg.

The effective equations derived in [Pub2] were applied to study the interplay between
the spin-orbit coupling and the s-d interaction in diluted magnetic semiconductors with
strong Rashba and Dresselhaus fields in [Pub3], [Pub4] and [Pub5]. It was found that
in narrow band gap materials and for optical excitations well above the band gap, the
spin-orbit coupling can compete with the exchange interaction. In this situation, the spin
dynamics can become quite complex. For example, in the presence of strong spin-orbit
fields, not only the spin component perpendicular to the impurity magnetization shows
oscillations with approximately the frequency corresponding to the precession in the
mean field of the impurity magnetization, but similar oscillations are also superimposed
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on the decay of the parallel carrier spin component. In many cases, the dephasing of
carrier spins in the k-dependent spin-orbit field is strongly suppressed by the effective
field originating from the impurity magnetization. Moreover, while the s-d interaction
leads to an exponential decay of the carrier spins in the Markov limit, we find that
the dephasing in an k-dependent effective field is better described by a Gaussian time
evolution than by an exponential decay.

Taking the Zeeman energies of carriers and impurities into account in [Pub5] allows us
to derive expressions for the magnetic-field dependence of the parallel and perpendicular
carrier-impurity spin transfer rates. In contrast to earlier works in the literature, our
approach yields results that conserve the total single-particle energies in individual spin-
flip scattering processes.

The origin of non-Markovian features in the spin dynamics in diluted magnetic semi-
conductors was investigated in [Pub6]. It turns out that for a vanishing magnetic field,
the shape of the time evolution of the spin of a single electron with a defined kinetic
energy depends approximately only on the spectral distance to the band edge, i.e., on
the ratio between the kinetic energy and the Markovian spin transfer rate. The non-
Markovian effects are important if the excited carriers are spectrally very close to the
band edge and the non-Markovian behavior disappears if the spectral distance to the
band edge is large.

Taking explicitly the carrier-impurity correlations into account in the quantum kinetic
theory enabled us to study many-body effects in diluted magnetic semiconductors in
[Pub7], such as a renormalization of the carrier spin precession frequency and the build-
up of correlation energy. In two-dimensional systems, logarithmic divergences similar to
those appearing in the Kondo effect were found. However, these divergences do not lead
to unphysical results in the spin dynamics, since, on the one hand, they are integrable
and yield finite values when weighted with a non-singular carrier distribution. On the
other hand, the divergences are predicted only in the Markovian limit assuming ¢ — oo
while for finite times ¢ finite values are obtained.

The theory was extended in [Pub8] to incorporate simultaneously the optical excita-
tion as well as the Zeeman energies on a quantum kinetic level. This study predicts
non-Markovian features in the spin dynamics as expected from the initial-value calcula-
tions presented in previous works. A non-monotonic time evolution of the carrier spin
polarization is found not only in situations where the laser pulse duration is comparable
to the Markovian spin transfer time, but signatures of non-Markovian behavior are also
obtained if the pulse duration is longer. Furthermore, in [Pub8], the optical excitation
in the presence of an external magnetic field was discussed. While the non-monotonic
behavior of the spin dynamics is suppressed in an external field, the external field opens
up another possibility to detect quantum kinetic features, because significantly different
stationary values of the carrier spin polarization at long times are obtained in simula-
tions using the quantum kinetic equations and in the Markovian calculations. This is a
consequence of a correlation-induced broadening of the distribution of spin-flip-scattered
carriers, which is not related to the energy-time uncertainty, but rather a genuine many-
body effect.

The investigation of the possibility to efficiently control the spins in semiconductors
via the spin-orbit interaction and optical excitation using twisted light in [Pub9| leads
to the conclusion that this is only possible in systems which are small enough so that
the individual energy levels of the carriers can be resolved. In contrast, towards the
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quasi-continuous limit, the spin dynamics becomes more and more independent of the
orbital angular momentum of the light.

Finally, the influence of non-magnetic scattering at impurities on the spin dynamics
in diluted magnetic semiconductors was discussed in [Publ0]. In the conduction band
of Mn-doped CdTe, the scattering at the spin-independent local potential caused by the
incorporation of the Mn impurities results in a strong suppression of the non-Markovian
effects in the spin dynamics. Model calculations show that this is not expected to be
the case in the valence band of Cd;_,Mn,Te. The non-magnetic carrier-impurity inter-
action leads to the build-up of non-magnetic carrier-impurity many-body correlations
that are, in the case of the conduction band of Cd;_,Mn,Te, much stronger than the
magnetic correlations. As a consequence, the redistribution of carriers in k-space, the
correlation energies, the renormalization of the carrier spin precession frequency as well
as the changes of the asymptotic values of the carrier spin polarization for long times
compared with the Markovian results in the presence of an external magnetic field are
significantly enhanced.

10.2. Outlook

Although a number of interactions are already included in the present quantum kinetic
description of the spin dynamics in diluted magnetic semiconductors, some important
effects that are present in real samples have not been discussed so far. Most of these
effects can, in principle, be incorporated into the quantum kinetic framework. For a few
of them, there is already work in progress at the time of the writing of this thesis.

10.2.1. Exciton spin dynamics

It is known [100] that the optical excitation of intrinsic semiconductors leads directly to
the creation of excitons rather than free electrons and holes. It is therefore interesting to
investigate the role of the Coulomb correlations between electrons and holes for the decay
of the spin polarization detected in experiments. For example, as a consequence of the
conservation of momentum, usually only excitons with center of mass momentum K =~ 0
are optically excited, where strong non-Markovian effects are expected. Moreover, the
question arises whether the carrier-impurity interactions can induce transitions between
1s and 2s exciton states. Reformulating the quantum kinetic theory and simulating the
exciton spin dynamics in diluted magnetic semiconductors is a project that is currently
carried out by Florian Ungar. Some preliminary results show that a large part of the
quantum kinetic theory presented in the present thesis is relevant in the discussion of
the exciton spin dynamics, but there are also a number of new challenges, since, e.g., the
shape of the excitonic wave functions enters in the equations of motion. Understanding
the spin dynamics of excitons is crucial for connecting the quantum kinetic theory with
experiments. For example, in order to suppress exciton formation and to detect only
free conduction band electrons, some experiments used n-doped CdMnTe samples [21].
Other studies [33], however, indicate that upon optical excitation n-doped CdTe tends
to facilitate the formation of trions due to the relatively strong binding energies in CdTe.
Thus, experiments on the spin dynamics in diluted magnetic semiconductors are easier to
perform on excitons than on quasi-free conduction band electrons. Therefore, a quantum
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kinetic theory for the exciton spin dynamics could bridge the gap between the theory
presented in this thesis and experiments.

10.2.2. Spin dynamics in the valence band

The theoretical description of the valence band in diluted magnetic semiconductors is
both interesting and challenging. It is interesting, since ferromagnetism in DMS has
only been demonstrated in systems with a large number of holes, such as in GaMnAs
or strongly p-doped CdMnTe, whereas ferromagnetism mediated by conduction band
electrons could not be verified experimentally [13, 79]. This is due to the fact, that the
carrier-impurity interaction in the valence band is typically about a factor of 4 stronger
in the valence band than in the conduction band [54]. Furthermore, it was found in
[Pub10] that non-magnetic impurity scattering, which suppresses characteristic features
of non-Markovian behavior in the spin dynamics of conduction band electrons in Mn-
doped CdTe, is very inefficient in the valence band. Thus, non-Markovian signatures in
the spin dynamics are expected to be more clearly observable in the valence band than
in the conduction band. Furthermore, a comprehensive description of the spin dynamics
of excitons requires taking into account the hole spin dynamics.

However, the theoretical description of the hole spin is challenging, because, for a
realistic description, one has to account at least for the 4 subbands comprised of the
heavy-hole and light-hole bands, which can be significantly coupled for k # 0. In princi-
ple, it is straightforward to formulate a quantum kinetic theory for the spin dynamics in
the valence band by replacing the kinetic energy Hy and the k-dependent effective field
by a Luttinger Hamiltonian [37, 39, 101], but, as in the discussion of the k-dependent
effective spin-orbit fields, it is necessary to resolve the angles of the wave vector, which
increases the numerical demands enormously. A similar problem is faced in the mi-
croscopic quantum kinetic description of the D’yakonov-Perel’ mechanism, which is the
topic of Michael Cosacchi’s Bachelor thesis. There, he shows that the computation time
of quantum kinetic calculations can be strongly reduced when the corresponding density
matrices and correlations are Fourier decomposed with respect to the polar angles of
the wave vectors k. The calculations converge fast and only a few Fourier coefficients
have to be accounted for. We expect that a similar approach makes full quantum kinetic
calculations of the hole spin dynamics in DMS feasible.

In the conduction band, it is possible to derive Markovian equations, which enable a
more intuitive understanding of the processes involved in the spin dynamics in diluted
magnetic semiconductors. In order to derive the Markov limit, it is, however, necessary
to invert the mean-field dynamics. This is relatively easy for the conduction band, which,
in a mean-field description, can be decomposed into a set of decoupled effective two-level
systems, or, equivalently, one dipolar spin vector for each wave vector k. For the valence
band where the heavy and light holes have to be considered, obtaining the mean-field
dynamics of the hole spins involves calculating the exponential of a 4x4 matrix, which
is, in general, hard to do analytically.

One idea to retain an intuitive rate-type description also for the hole spin dynamics is
to use the fact that in narrow quantum wells the heavy- and light-hole bands are often
split considerably. Thus, by tuning the laser frequency correspondingly, one can selec-
tively excite, e.g., lower-energetic heavy holes. This led Merkulov et al. [102] to consider
the heavy and light holes separately as effective pseudospin—% systems with anisotropic g-
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factors. However, this treatment neglects the k-dependent coupling between heavy and
light holes contained in the Luttinger Hamiltonian, which can cause a fast dephasing
of the hole spins. Thus, we propose a more rigorous derivation of the effective heavy-
and light-hole subsystems: If the heavy-hole-light-hole splitting is large, the effects of the
coupling to the light holes can be treated perturbatively by a Schrieffer-Wolff transforma-
tion. Preliminary calculations show that this procedure yields corrections to the effective
heavy-hole Hamiltonian of the order O(wjk?) + O(wjk?) in third order in the inverse
band splitting, where wj, is the magnitude of the effective magnetic field for the valence
band holes comprised of an external field and the field due to the impurity magnetization
in mean-field approximation. This way, the dynamics of the hole spins is described by an
effective two-level system for each value of the wave vector and one can derive Markovian
equations from the quantum kinetic theory, from which effective heavy- and light-hole
spin transfer rates can be extracted.

10.2.3. Modified inhomogeneous g-factor mechanism in DMS

In three-dimensional diluted magnetic semiconductors, the decay of the carrier spin after
optical excitation is experimentally found to be much faster than predicted by the spin
transfer rates according to Fermi’s golden rule [65]. To explain these findings, it was
assumed that the impurity spin polarization in the sample is inhomogeneous. When
the carriers move through the semiconductor, the carrier spins therefore experience a
dephasing. Since the carrier-impurity spin transfer times in three-dimensional systems
are rather large, the dephasing can be more efficient and can dominate the decay of the
total carrier spin polarization. This picture was also used to explain qualitatively the
non-monotonic magnetic-field dependence of the spin relaxation times measured in some
experiments [21] in DMS quantum wells.

It is noteworthy that a non-monotonic spin relaxation time is also found in non-
magnetic GaAs [103]. There, the effect was explained by invoking the inhomogene-
ous-g-factor mechanism: The Schrieffer-Wolff transformation which has been used to
derive the k-dependent effective fields for the description of spin-orbit coupling effects
mixes conduction and valence band states. Due to the conduction-band-valence-band
mixing, the effective electron g-factor becomes k-dependent. This leads to a dephasing
of the carrier spins that has its origins in k-space and not in real space.

In the case of diluted magnetic semiconductors, the mixing between the conduction
and valence bands results in a contribution to the carrier-impurity interaction in the
effective conduction band originating from the p-d interaction in the valence band.
Thus, the carrier-impurity interaction for the effective conduction band electrons be-
comes k-dependent. Because the carrier-impurity interaction in DMS is usually much
stronger than the Zeeman term, the dephasing in the k-dependent field for electrons
caused by the impurity magnetization is expected to be much more efficient than the
original inhomogeneous-g-factor mechanism for a k-dependent g-factor alone. It is an
interesting question what contribution to the fast dephasing of carrier spins in three-
dimensional diluted magnetic semiconductors reported in Ref. [65] comes from such an
inhomogeneous-g-factor-type mechanism in DMS.

In narrow quantum wells where the lowest confinement state has a significant value of
(k?) ~ (5)2, the strongly k-dependent band mixing has been shown to lead to a signif-
icant change of the effective coupling constant measured by spin-flip Raman scattering
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and by the giant Zeeman splitting of excitons [57]. However, this study only considered
static quantities at the band edge (k, = k, = 0) and made no predictions regarding the
influence on the spin dynamics.

We now present preliminary results for the effects of the inhomogeneous-g-factor-type
mechanism mentioned above on the spin dynamics in DMS, where we employ a second
order Schrieffer-Wolff transformation as in Ref. [57], but we allow for non-zero val-
ues of k, and k,: We apply the transformation matrix that block-diagonalizes an 8x8
Kane Hamiltonian up to second order in k to the spin matrices s and s” in the s-d
and p-d carrier-impurity exchange interactions for conduction and valence band elec-
trons and restrict ourselves to the effective conduction band block obtained after block-
diagonalization of the crystal Hamiltonian Hy. In the mean-field approximation, the
effective carrier-impurity interaction HET comprised of contributions from the original
Hamiltonians Hyq and H,4 reads:

o MF Ny ; o,
Hf\ g~ v >N (80T (K)sL e lone, (10.1)

oo’k 1j

where éLk now creates effective conduction band electrons with pseudospin-index o.

Thus, the effective coupling constant J;;(k) is now a matrix

Tij = [Jsa + (= Jsah + v Jpara) K] 635 — vJpads2kik;, (10.2a)

A = ;g; + 3(EQTA0)2 ~ 0.279 nm?, (10.2b)
4P? P2 4p?

Ay = 0L + 9(E, + A2 + 9B, (F, T o) ~ 0.268 nm?, (10.2¢)
P2 p? 2P?

A3 = 0E? + 9(F, T B~ 9F,(E, T g ~ 0.005 nm?, (10.2d)

where the standard parameters for CdTe [39] have been used. A large part of the valence
band coupling constant .J,4 stems from virtual hopping and depends on the energy dif-
ference between the valence band electrons and the energy levels corresponding to a Mn
impurity occupied with 4 and 6 electrons, respectively. For effective conduction band
electrons, one has to replace the valence band energy by the conduction band energy, i.e.,
the energy difference is changed by a value corresponding to the band gap F,. This leads
to a modification of the value of .J,4 by the factor v ~ 1.36 for effective conduction band
electrons [57]. It is noteworthy that the factor A3, which determines the anisotropic part
of the coupling constant J;;, is about two orders of magnitude smaller than the factors
A1 and \g, so that the anisotropy can be neglected.

To estimate the effects of the band mixing on the spin dynamics, we calculate the spin
dynamics after optical excitation of a Gaussian electron distribution centered at k = 0
with a standard deviation of s = 3 meV with initial spin polarization perpendicular
to an external magnetic field with B = 100 mT in the quantum well plane. For the
calculations, the Markovian rate equations according to [Pubb] are used where Jy4 is
substituted by the isotropic part of J;; at k;, = k, = 0 in the expression for the rates.
For the precession of the carrier spins, the dependence of the isotropic part of J;; on k,
and k, is accounted for.
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Figure 10.1.: (a): Time evolution of the spin polarization perpendicular to an external magnetic field
B =100 mT with (red solid line) and without (blue dashed line) accounting for dephasing due to the
dependence of the isotropic part of J;; on k; and ky in a quantum well with width d = 5 nm. The initial
carrier occupation is a Gaussian with a standard deviation Es = 3 meV centered at the band edge. (b):
Dependence of the isotropic part of J;; on the quantum well width (purple solid line). The value for
d =5 nm used in the calculation in (a) is highlighted by the cyan cross in (b).

The results for the spin dynamics are shown in Fig. 10.1(a). It is found that the
spin decays about 40% faster if the dephasing due to the k-dependence of the effective
coupling constant is accounted for. In Fig. 10.1(b), the dependence of the effective
coupling constant at k, = k, = 0 on the width of the quantum well is presented, where it
is assumed that the width defines the wave vector in the growth direction via \/(k2) ~ Z.
While the bulk value of the effective coupling constant for the conduction band in CdTe
is negative, the coupling constant crosses the zero and eventually becomes positive for
very narrow quantum wells.

Even on this level of theory, we find that an inhomogeneous-g-factor-type mechanism in
DMS can indeed significantly influence the spin dynamics in DMS. However, more work
is needed to describe this mechanism on a quantum kinetic level. One major challenge is
that, in H,q and H,,4, creation and annihilation operators with two different wave vectors
k and Kk’ appear, so that a unitary transformation of these Hamiltonians actually leads
to a dependence of the effective coupling constant on two wave vectors, which makes the
bookkeeping and interpretation more difficult. For this reason, the problem of rigorously
deriving a quantum kinetic description of this mechanism is beyond the scope of this
thesis and will be addressed in the future.

An interesting aspect in this context is that the mechanism proposed above predicts
a particularly strong dephasing if the carrier distribution in k-space is rather broad.
In [Publ0], it was found that the non-magnetic carrier-impurity interaction leads to a
significant redistribution of carriers in k-space that results in very broad distributions
and therefore promotes such a spin dephasing. Thus, it can be expected that quantum
kinetic effects such as the build-up of correlation energy, which facilitates the scattering
to states with higher kinetic energy, are indeed necessary for an accurate description of
the dephasing of carrier spins due to the k-dependent mixing of conduction and valence
band states.
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10.2.4. Further investigations

A number of other extensions to the quantum kinetic theory can be thought of. For
example, the correlation expansion can be truncated at a higher level. This enables an
investigation of the formation of impurity-impurity correlations, or the description of
carrier-carrier scattering in diluted magnetic semiconductors. Furthermore, it is inter-
esting to consider disorder effects like the clustering of magnetic impurities and the direct
interaction between impurities at neighboring cation sites. For large magnetic fields, it
is desirable to consider the effects of Landau quantization.

Another promising line of research is to reformulate the quantum kinetic theory so
that it can be used to describe also spin transport phenomena, which is a topic that is
particularly interesting for applications of diluted magnetic semiconductors in spintronics
devices.

Furthermore, as can be seen by the analogies of the spin physics in diluted magnetic
semiconductors to the Kondo effect in metals with magnetic impurities, there is no
fundamental limitation of the quantum kinetic theory to the usual II-VI diluted magnetic
semiconductors. Thus, the theory can, in principle, also be applied to other materials
like graphene or transition metal dichalcogenides provided that technological advances
enable a magnetic doping of these materials. In particular, it is interesting to study the
effects of magnetic doping on the spin dynamics in HgTe/CdTe quantum wells, since
they are, on the one hand, compatible with magnetic doping, on the other hand, they
can form topological insulators [104, 105].

Thus, the quantum kinetic description of the spin dynamics in diluted magnetic semi-
conductors presented in this thesis not only yields results for the cases studied in this
work but also enables further studies for other systems and situations.
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Comparison between a quantum Kinetic theory of spin transfer dynamics in Mn-doped bulk
semiconductors and its Markov limit for nonzero Mn magnetization
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We investigate the transfer between carrier and Mn spins due to the s-d-exchange interaction in a Mn-doped bulk
semiconductor within a microscopic quantum kinetic theory. We demonstrate that the spin transfer dynamics is
qualitatively different for components of the carrier spin parallel and perpendicular to the Mn magnetization. From
our quantum kinetic equations we have worked out the corresponding Markov limit, which is equivalent to rate
equations based on Fermi’s golden rule. The resulting equations resemble the widely used Landau-Lifshitz-Gilbert
equations, but also describe genuine spin transfer due to quantum corrections. Although it is known that the
Markovian rate description works well for bulk systems when the initial Mn magnetization is zero, we find
large qualitative deviations from the full quantum kinetic theory for finite initial Mn magnetizations. These
deviations mainly reflect corrections of higher than leading order in the interaction, which are not accounted for

in golden-rule-type rates.

DOI: 10.1103/PhysRevB.90.035206

I. INTRODUCTION

Diluted magnetic semiconductors (DMS) have been studied
intensively in the past decades, since they combine the
versatility of semiconductors with the spin degree of freedom,
which promises future applications in spintronics [1-5]. The
magnetic properties of DMS arise from the s/p-d exchange
interaction [4,6,7] between carriers and magnetic impurities,
which typically consist of Mn ions acting as localized spin-%
systems. Especially for short timescales and high Mn doping
concentrations the exchange interaction can dominate the spin
dynamics [8,9]. The description of the resulting spin transfer
dynamics in DMS is usually based on rate equations, where
the rates are computed using Fermi’s golden rule [9,10]. The
standard derivation of the golden rule involves a Markov
approximation [8,11] and is perturbative with respect to the
exchange coupling constant. In Ref. [12] a projection operator
method was applied to derive spin relaxation rates for DMS
quantum wells. There, also a Markovian assumption as well
as a perturbative argument were used. Another approach to
the description of the macroscopic magnetization dynamics
is the use of the phenomenological Landau-Lifshitz-Gilbert
equations [13,14].

Recently, starting from a Kondo-like interaction Hamilto-
nian a density matrix approach based on correlation expansion
was developed [15] in order to describe the spin dynamics in
the ultrafast regime. Until now, this quantum kinetic theory
(QKT) has only been applied to the case of an initially zero
Mn spin. There, it has been found that in three-dimensional
systems, the time evolution of the carrier spin is exponentially
decreasing, where the decay rate coincides with its value
according to Fermi’s golden rule [16]. The latter was shown
by performing the Markov limit (ML) of the QKT using
only terms in second order of Jy;. In lower-dimensional
systems, excitation conditions can be found where significant
differences between the ML and the QKT become visible
although the memory induced by the exchange interaction
is orders of magnitude shorter than the time scale for the
evolution of the carrier and Mn dynamics [16]. In particular,
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quantum kinetic effects are most pronounced when suitably
tuned oppositely circular polarized two-color laser pulses are
used for the excitation [17].

In this article, we study the spin dynamics of conduction
band electrons in a bulk ZnMnSe semiconductor for the
case of a nonzero initial Mn spin where electron spins can
precess around the Mn magnetization. It turns out that the
spin transfer dynamics that is superimposed to the precession
is qualitatively different for electron spins aligned parallel
or perpendicular to the Mn magnetization. Starting from
our quantum kinetic equations we derive the corresponding
Markov limit for finite Mn magnetization. The resulting
equations can be interpreted as modified Landau-Lifshitz-
Gilbert equations. Assuming Mn concentrations much larger
than the itinerant electron density analytical solutions of these
Markovian equations are presented. The resulting analytical
expressions also exhibit a different dynamics for perpendicular
and parallel spin transfer, which, however, quantitatively and
qualitatively disagrees with the prediction of the full QKT.
Here, the failure of the Markovian approach can be traced back
to contributions of higher than leading order in the exchange
coupling constant.

The outline of this paper is as follows: In a first step, we
briefly summarize the QKT [15] that was used as a basis for
our numerical calculation and introduce the model used in
this paper. Then, we derive the Markov limit of the QKT
along the lines described in Ref. [16] for an initially zero
Mn magnetization (S), but allow for a finite value of (S)
and an arbitrary angle between the conduction band electron
spin and the Mn spin. In a subsequent section we present
numerical results of our QKT for the spin transfer dynamics of
the parallel and perpendicular components and compare them
with the ML. The analytical solution of the ML equations in
combination with a rearrangement of the contributions to our
QKT allows for a clear physical interpretation of the pertinent
source terms. By selectively studying the impact of different
source terms we are able to demonstrate the importance of
contributions of higher than leading order in the coupling
constant.

©2014 American Physical Society
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II. QUANTUM KINETIC EQUATIONS

In Ref. [15], a quantum kinetic density matrix approach
for the spin dynamics in Mn-doped semiconductors was
developed starting from the Hamiltonian:

H = HO+Hsd+de+Hem’ (1)

where Hj describes the single particle band energies, Hy
accounts for the exchange interaction between the s-type
conduction band electrons and the spins of the d-type electrons
of the Mn dopands, while H,,4 stands for the interaction of the
latter with p-type holes. Finally, H,,, comprises the dipole
coupling to an external laser field. The exchange interactions
Hyy + Hpy as well as the random spatial distribution of Mn
atoms give rise to a hierarchy of higher-order correlation
functions. In order to obtain a finite set of dynamical variables
a specially adapted correlation expansion has been worked out
in Ref. [15].

Since the aim of the present paper is to investigate the spin
transfer between conduction band electrons and Mn dopands,
the model can be reduced to:

H = Hy+ Hy. (2)

Hj now accounts only for electrons in a single spin degenerate

conduction band:
I
Hy = E Excpcik,
Ik

where c;rk (cix) are the creation (annihilation) operators of
conduction band electrons with k vector k and spin index
[ = 1,2. For simplicity we shall assume parabolic bands Ex =

k , with an effective mass m*. The exchange interaction is
glven by [18,19]:

Hsd = Jsd ZSI
1i

€)

-§78(r; — Ry), “

|
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where Jy; is the exchange constant and S, (87) are operators
for the spin of the Mn atom (conduction band electron) in units
of h at the position R; (r;). As in Ref. [15] we assume an on
average spatially homogeneous distribution of Mn positions
R;.

According to the analysis in Ref. [15] the relevant dynam-
ical variables for this reduced model are:

1

Ci, = (leklclzk1>v (5a)
My =(P,,,) (5b)
Kl[lzf;llzll:? = 8<cllk]clzk2 Pnllnz 1(k2—k])R,>7 (5¢)

Lk _
Cre = 5(c, K Claky € M TEORY), (5d)
where Pn’m := |I,n1)(I,n,| describes the spin state of the /th
Mn ion (n = —%, o ,%). The expectation value represented

by the brackets involves a quantum mechanical average as
well as the disorder average over the randomly distributed

Mn positions. C Ik, and M, are the electron and Mn density

Lok bks
matrices. K> and C> are the correlated parts of the

corresponding density matrices, i.e., in these quantities all parts
that can be factorized into products of lower-order correlations
functions are subtracted from the expectation values. The

explicit but lengthy definitions of K lllr':fllfz and Cl2k2 can be
found in Ref. [15].

It turns out that the resulting equations of motion can
be simplified by introducing the following new correlation
functions:

hLnoky | __

12n2k2
Limk, " — K

Iink;

Q (6)

Rewriting the equations of motion from Ref. [15] in terms of
these functions we obtain:

ny ~hka
+ M, Cl]k]

ad 1 K /
. n § n I'nyk 'nk
_lthnlz - _vd_ Z Sir C]k nnl - Snann]) + V Z (Snm ank - Snzn anlk) s (73)
nll’ K
FL Clz S l C! 1 L'k, In'k b
—i Ik, = Jsalvn o | ML (s1,C Ik, — Shi ;lk1)+v (s, O — s Q10 ) |+ (7b)
nn'l k
—'hi 4B — By Qe = phmie! | phmaied! b1 (70)
ey k ki ) &ink = Phnik, Linik Lnik ¢
with source terms
plre! su, i, M™ — S,0,,8,Ch M swCi, Ch (S — S, M) (7d)
ll"lkl sd nm 1 &~ 1k, nanShlY g, 1 sd 01k, Yk nn1 non s
nll’
_planky _.hlzﬂzkz"2
=Dpinix, =Ding
lznzkz _ n' lz}’lzkz l}’lzkz lznzkz lz}’lkz
bllnlkl = Jsd E Snn’Mn nMn(Slll Ql"lkl - Slz/Qllnlk + Jsd E Sll/_ E C Snn] Q11nk1 - Snzn Qllmkl) s (73)

nn'l

nll’

Iyngky !1:1
linik

Iyngky 112
i1k
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Lk 11T 1 Lnyk, Ink
bllnlkl = Jsd § : Vv E [S’mlslll Ok — SnanSpl Qllnlkl]
nl k
Iynoky 11111
by
1 Cl’ S lLnoky S lhnk, 1 Clz S I'nok S I'nk 7
—Jsd Sir V Ilkl[ nny ank — Onan anlk ] + V zkg[ ”"lQllnkl — Onan Qllnlkl] ’ (7)
nll K K
Iynoky 1112
link
[
. . . / .
where S,,,,, and sj,;, are the Mn and eli\:}ctron spin matrices, V bffﬁfll: change on a much slower time scale than the memory
is the volume of the DMS, and ny, = = is the density of the  and can therefore be drawn out of the integral. The memory has

Mn ions. We have subdivided the sources on the right-hand
side of Eq. (7¢) for later reference. The physical meaning of
these terms and their respective importance will be discussed
later.

In order to study the dynamics of the spin transfer we
consider initial conditions where the electrons are initially spin
polarized and the Mn magnetization corresponds to a thermal
distribution while the correlations Qﬁ?;:,ll: are assumed to be
zero. This is a situation typical for a system immediately after
an ultrafast optical excitation has induced a finite electron spin
polarization.

III. MARKOV LIMIT

It turns out to be instructive to derive the Markov limit
of our QKT, first of all, because this greatly simplifies the
theory as the higher-order correlation functions are formally
eliminated in favor of the variables of most interest, i.e., the
electronic densities and spins. Furthermore, the Markov limit
provides arelevant reference for our QKT. In particular for bulk
systems it has been found previously [16] that the memory of
the exchange interaction is short and therefore it is tempting to
think that the Markovian equations should yield valid results
in our case.

In order to be able to work out the Markov limit starting
from Eqgs. (7), we follow the procedure that in Ref. [16] led to
rates in accordance with Fermi’s golden rule and neglect in a
first step the source terms of higher than leading order in the
exchange coupling Jy4. Due to the initial condition Qﬁfﬁ::: =0

the correlations Qﬁf;?ﬁf are of first order in J,; and thus we see

11 I
from Eqgs. (7) that bf;gf{: and bffﬁ:ll: are of second order
in Jy4 and yield third-order contributions to the electron spin
dynamics. Thus, we keep in Eq. (7c) only the first-order term

T . .
bff::::;z . This allows us to formally integrate the correlations:

.
lhnsky _ ! /(o —an )t —1) ook T s
O/ (t) = 7—1/0 dt'e' P b (1), (8)

. 2
with frequency wy = Lk = &

m = 5 . Substituting Eq. (8) back
into the equations for C,llzkl and M;? we have to perform a
k summation, which,Adue to interference resulting from the
k-dependent phases /@2~ =1 eads to a finite memory.

The Markov limit is established by assuming that the sources

been found to decay on a fs time scale while the spin dynamics
evolves on a ps time scale [16]. Therefore, the lower limit of
the integral can be extended to —oo resulting in the following
approximation for the correlations:

. 0

Lok Nl Lok, [ " i — t"

Ok~ shik' o [ areeso
—00

i Lk, ! i
= ﬁblfnlzklz (l) (n&(wkz — wk.) — Pm> s

&)

where P denotes the Cauchy principal value.
Starting from Eq. (7b) for the electron density Cll]zk] we
can set up an equation of motion for the average electron spin

{Sk,) =211, ST, Clllzkl in the state with k vector k. Feeding

back the correlations Qﬁletf from Eq. (9) into these equations

we finally obtain:

0 Js n
E(Slﬂ) = %«S) x (skl))

Jann 1 }’lk—l
sd P

2 Z

RV -

((S> x (Sk, ))

2 Wk, — Wk

4<Sk])2 — I’li1 + 2nk1
4

+ 7'(5((,()1(l - a)k) [(S)

+ ((si) x ([sw) x (8)))

X S ) ) X9 ¢ S>]}. (10)

Applying the same procedure to the electron occupations ny, =
>, C ,lkl ata given k vector k; we find that on this level of theory
n, is time independent. It should be noted, that in the full QKT
this is not the case. Instead it was shown in Refs. [15-17] that
redistributions in k space take place, which are responsible for
a number of features of the magnetization dynamics that are
not expected in the Markovian theory.

The different terms in equation (10) can easily be inter-
preted. The first term describes the precession of the electron
spin in an effective magnetic field due to the Mn magnetization
(S), which is also the result of a mean-field calculation [15].
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The second term represents a renormalization of the precession
frequency that depends on the density of states and therefore
on the dimensionality of the system as well as the k
vector, which can possibly lead to dephasing of the electron
spin.

The magnitude of the renormalization for a bulk semicon-
ductor can be estimated in the continuum limit by approximat-
ing the Brillouin zone (BZ) as a sphere with radius kgz and
assuming a parabolic band structure as follows:

Awy = @’ Jsa_2m”
Mpr2r)? R

kpz k2
dk—(1 — , 11
/0 Gog-m. an

~kgz
where a)ﬁ,, = %HSH is the mean-field precession fre-
quency. The order of magnitude of the integral on the right-
hand side of Eq. (11) can be determined by noting that the
optically excited carriers occupy only very few states near
the center of the BZ and therefore for the most part of the
BZ nx ~ 0 holds, which also implies % <« 1 for the occupied

states. Approximating nx =~ 0 and ]j(—‘ ~ 0 the integral yields
the value kpz. For the parameters used in our study (see below)
the renormalization is estimated in this way to be of the order of
~1% of the mean-field precession frequency.! The third term
in Eq. (10), which is proportional to the Mn spin, describes
a transfer of spin from the Mn to the electron system. The

4oy ) —ng 2,
prefactor —-—*——" is zero for n, € {0,2}. For n, =0

no transfer can occur because there are no electrons that can
exchange their spins with the Mn atoms; for ny, =2 the
transfer vanishes due to Pauli blocking.

The term proportional to (sx) X ({sk,) X (S)) has the form
of the relaxation term of a Landau-Lifshitz-Gilbert (LLG)
equation and describes the tendency of a spin in a given
effective magnetic field to align along the direction of the field.
Unlike in the LLG equation, here, the prefactor is determined
by the parameters of the microscopic model and is not a
phenomenological fitting parameter.

The last term in Eq. (10) resembles a relaxation term
that would be expected in the LLG equation for the Mn
magnetization (S). Here, it arises in the equation for the
electron spin reflecting the conservation of total spin which
is a feature also of the full QKT [15]. However, there is a
crucial difference between the last term in Eq. (10) and the
LLG relaxation term for the Mn magnetization: while the cross
products in the LLG equation involve classical vectors, we
are dealing here with vector operators. Here, the expectation
value has to be taken after constructing the cross product
in a symmetrized form. The physical consequences of this
difference become most obvious by rewriting the last term in

'For lower-dimensional systems this crude approximation leads
to a divergence of the frequency renormalization at k — k. This
fact supports the findings of Refs. [16,17] that the Markov limit
is not a good approximation in systems with dimensions lower
than 3.

PHYSICAL REVIEW B 90, 035206 (2014)

Eq. (10) as follows:

(S X (8 x {s))) + {({sk) x 8) X §)
2

(s"%))(shy —

(8% - SUSH+ s, a2)
where (sll() and <Sf{> describe the electron spin of the states
with k vector k in the direction parallel and perpendicular to
the Mn spin vector (S) and SI = S - I S)I

It is seen from Eq. (12) that even when the electron spin
is aligned parallel to the Mn spin, a spin transfer can occur,
and it was already noted in Ref. [16] that the corresponding
parallel spin transfer rate coincides with the result of Fermi’s
golden rule. In contrast, the corresponding term in the standard
LLG equation would be zero. This transfer is enabled because
the factor (S2) — (S!7) is nonzero as quantum mechanically
the maximal value of (S!?) is 5252, while (S2) = F2S(S + 1),
which reflects the uncertainty between the respective spin com-
ponents. For classical vectors, as considered in the standard
LLG equation, this factor would always be zero. Furthermore,
in general the contribution in Eq. (12) is different for the
parallel and perpendicular components of the electron spin.
Itis noteworthy that if the Mn spin had been represented by a
pseudospln , this feature would be lost as then 1ndependent

of the Mn spin configuration we find (Sz) 2 and (S 1%y =

resulting in the same prefactors for (s ( ) and (sk ) in Eq. (12).
In order to use Eq. (10) in practlcal calculations we have
to know the values of the average Mn spin (S) and according

to Eq. (12) the second moment (S!°), which appear on the
right-hand side of Eq. (10). The average Mn spin can be
calculated from the knowledge of the electron spin and the
initial total spin by using the total spin conservation [15].
Setting up an equation of motion for the second moment is
cumbersome and not necessary for the cases that we shall
discuss in this paper where it is assumed that the number of
Mn ions by far exceeds the number of photo induced electrons
(Nyn > N,). In this case, the change of the average Mn spin
as well as its second moment can be neglected and thus the
second moment essentially coincides with its initial thermal
value. Furthermore, for nearly constant Mn magnetization, the
equations of motion for electron states with different energies
hwy are decoupled in the Markov limit due to the § distribution
in Eq. (10) and the fact that ny remains constant which allows
using the initial occupation for the evaluation of the frequency
renormalization.

The decoupling of the equations of motion in the Markov
limit enables us to find analytical solutions for Eq. (10). To
this end we split the electron spin into its components parallel
and perpendicular to the Mn spin according to:

| (S) (S) x sk, (0))

(Sk) Sk1 S +Sk](Sln(a)Ml)m
(48) x (s, (0))) x () )

, (13

® <o)< s

where wy accounts for the precession of the perpendicular
component that results from Eq. (10). With this decomposition,

+ cos(a)Mt)|
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FIG. 1. (Color online) Time evolution of the total electron spin polarization (a) and its components parallel (b) and perpendicular (c) to the
Mn spin assuming the electrons to be initially spin polarized along a direction at an angle of 45° relative to the Mn magnetization. The solid red
line describes the spin dynamics according to the full quantum kinetic theory, the dashed green line shows its Markov limit (analytic solutions,
cf. Appendix). Blue circles and purple squares correspond to approximate quantum kinetic calculations where only a subset of source terms
for the correlations (as indicated in the key of the figure) has been accounted for.

Eq. (10) can be rewritten as:

9 Iy2 ni, (2 = n, )
Esk] = M(IS(SI(I) +VkIST
2
— Y ((S2) = (ST )sy (14a)
0 1 2
% = Mk i S — 51 (S%) + (81D, (14b)
with
JZ v
Vi, = gz‘ﬁ“ 7> 8w, — o), (152)
k
Jsd”Mn 1 Jsd nkg — 1
= S{1+= P——— ), (15
“m h (+2hVXk: a)kl—a)k) (15b)

and S = |(S)|. Equation (14a) is a Riccati differential equation
with constant coefficients, which can be solved analytically.
Its solutions can then be fed back into Eq. (14b) for the
perpendicular electron spin. The explicit solutions are listed in
Appendix.

Itis noteworthy that by arescaling of the time axis according
to T := p,t all material parameters can be eliminated from
Egs. (14) for the moduli sl!l and s]fl . Therefore, with this choice
of time units and given initial conditions we obtain the same
universal solution for all material parameters. Reinserting the
solutions for sﬂ] and skL] into Eq. (13) and choosing again
1/, as the unit of time, we conclude that for given initial
conditions the time trace of the electron spin (s, ) is affected
by the material parameters only via the ratio ws/ y, -

IV. NUMERICAL RESULTS

The quantum kinetic equations of motion (7) have been
solved numerically and compared with their Markov limit
(10) for different initial conditions in a three-dimensional bulk
DMS. The initial electron distribution over the single-particle

energies Ey is taken to be Gaussian with its center at E;—o and
a standard deviation of ¢ = 3 meV while the initial magnitude
of the Mn spin is set to %h (i.e., 20% of its maximal value).
The material parameters used were the same as in Ref. [16] for
Zno.93Mng g7Se with J,; = 12 meVnm® and m, = 0.21m,.

First, we shall discuss results where at the beginning of
the simulation the electron spins are assumed to be totally
polarized in a direction with an angle of 45° with respect
to the Mn magnetization vector. Displayed in Fig. 1 is the
corresponding time evolution of the electron spin; (a) shows
the total electron spin, while in (b) and (c) the components
parallel and perpendicular to the Mn magnetization are plotted,
respectively. The full quantum kinetic results are plotted as
solid red lines whereas curves derived from the analytical
solutions of the Markov limit equations are depicted as dashed
green lines.

As seen from Fig. 1(a), the dynamics predicted by the full
theory is qualitatively different from the Markovian result.
On a short time scale (for our parameters ¢ <5 ps), the
electron spin decays much faster for the full solution than
in the Markov limit. Subsequently, the quantum kinetic curve
exhibits a nonmonotonic time dependence and the electron
spin eventually approaches a finite value. In contrast, in the
Markov limit, we find a monotonic, almost exponential decay
for all times. From the explicit analytical expression (cf.
Appendix) it is seen that the long time limit of the electron
spin in the Markov limit is zero.

The origin of the nonmonotonic behavior can be understood
by splitting the total electron spin into its components parallel
[Fig. 1(b)] and perpendicular [Fig. 1(c)] to the Mn spin. Both
spin components decrease almost exponentially in the ML as
well as in the full QKT. The time evolution of the perpendicular
spin component essentially yields the same results for the full
quantum kinetic calculation and the Markov limit. In the full
QKT, however, the parallel spin component changes its sign
and converges to a finite negative value, whereas both spin
components in the ML and the perpendicular spin component
of the QKT drop to zero. When the parallel spin component in
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FIG. 2. (Color online) Dynamics of the electron spin polarization
for initially unpolarized electron spins. Line styles and symbols have
the same meaning as in Fig. 1.

the full QKT crosses the zero line, its modulus has a minimum,
which leads to a minimum in the total spin.

The obvious discrepancy between the different levels of
theory with regard to the dynamics of the parallel spin
component does not arise due to the assumption of a short
memory in the ML. This can be seen from calculations, where

I, .
only the source terms bﬁfgftf , 1.e., the terms used to derive the

ML in the first place, have been taken into account but the finite
memory expressed by the retardations in Eq. (8) are still kept
[blue circles in Fig. 1]. The resulting curves almost coincide
with the Markovian calculation. The main difference betw;cleln
the full QKT and the ML is due to the source term bffﬁ?ll: -,
which is demonstrated by simulations that incorporate only

lzl’lzkzl‘l lznzkzll'l . .
by, and b0 [purple squares in Fig. 1]. The results

of these calculations agree very well with the predictions
of the full theory, suggesting that all other source terms
are of minor importance, at least for the parameters used here.

111
It should be noted, that especially the term bff;‘f::f , like

Lok, 11:2 Lin.k, [ 11 . . .
blefkf and b,f:fkf , gives contributions to the reduced

electron density matrices in the order of (’)(de) while the
leading-order contributions of the correlations are of O(J2)).
Thus, our results imply that a proper description of the coupled
electron and Mn spin dynamics requires a treatment beyond
perturbation theory.

The effect of these higher-order contributions on the
dynamics is particularly dramatic in the case of initially unpo-
larized electron spins. Corresponding results are displayed in
Fig. 2. Here, even the sign of the spin polarization is opposite
for the QKT and ML calculations. Furthermore, also the
predictions concerning the magnitude of the spin polarization
deviate significantly.

V. INTERPRETATION OF THE SOURCE TERMS

By the numerical analysis in the last section, we were able
to trace back the difference between the full quantum kinetic
theory and its Markov limit to a few selected source terms
for the correlations in Egs. (7). In this section, we shall give
a physical interpretation to the individual source terms which

PHYSICAL REVIEW B 90, 035206 (2014)

will enable us to understand what determines their relative
importance.

. LI .

First of all, bffﬁzl is the most important source term,
because it starts the correlation dynamics, i.e., without these
sources the correlations would stay zero for all times. In the

Markov limit, 522" yields a Landau-Lifshitz-Gilbert-like
damping term described in Eq. (12) and a spin transfer term

. . ,12 . .
proportional to the Mn spin (S). bff:;f::l provides corrections

for Pauli blocking to the transfer term and yields another LLG-
like damping term, where the electron spin appears twice in
the double cross product [cf. Eq. (10)]. As seen above, the

quantum kinetic bffot; contributions act similarly to their

Markov limit counterparts. The dominant role of these terms
is further emphasized by the fact that they are the leading
terms in a perturbative treatment with respect to the exchange

coupling constant Jy,.

. 2 711
In order to understand the meaning of the bfle“:z; terms,

it is instructive to reformulate the equations of motion of the
QKT by introducing new correlation functions according to:

aky Lnsk:
Qf =D ShaSi Qi (16)
Il
niny
which are summed over the electron band and Mn state indices.
Here, we use the conventions « = 0,1,2,3 with 5101 , = 01,1, and
B = 1,2,3. From Eq. (7¢c), we obtain the following equations
of motion for the summed correlations:

d . , Res
57 Qo = —i(on, — o) O + b (17a)
d . Res
5 lel?l =t (wkz - wkl)Qg]lZ + bgll:?
+ ) Candly O + Y epaal Q5. (17b)
KA KA
where
J,
oy = %anMS"), (18a)
Jog 1
o __ Ysa ~ @
OE= 37 ;m (18b)
k, Res Inoky ! Lok, 111
b =St bR (18¢)
'

and €., is the Levi-Civita symbol. We note in passing
. R . .
that the residual sources bgtf © contain a term resulting

1998 )
from bffoll: , which cannot be expressed by the summed

correlations. Thus, Eqgs. (17) are numerically advantageous

Lnok, 11

onlyif by, " i is disregarded. The point here is that the two

. .. . lznzkgll'l 12n2k211.2
terms in Eq. (17b) originating from b " and by

both involve the Levi-Civita symbol and can therefore be
interpreted as describing precessions. This can be made more
explicit, e.g., by introducing a vector with components o
according to

(Quic), = Q- (19)
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blznzkzll']

Then, the first of these terms, which stems from Ik, s can
be written as a cross product:
k’7
ou x Q% (20)

indicating a precession of the vector Q:;i(] around the direction
) of the Mn magnetization with the same frequency as the
mean-field precession of the electron spin. Likewise, the term

.. . Linok, 112 ..
originating from blefk]z has a similar structure. It can also

be written as a cross product

wp x Qpe, 1)

where now the index S is associated with the components of a
vector Qﬁ:‘z formed from the correlations according to

Otkz . Otkz

(le )ﬁ - Qﬁkl’

i.e., now we are dealing with a precession around the direction
g of the electron spin. Thus, not only the average spins of

the electrons and Mn atoms exhibit a precession dynamics, but
also their correlations, which is represented in the equations

(22)

blznzkz H

Lini kg terms.

of motion by the

. . . 11
Finally, the physical meaning of the bf?;’ftf source terms

becomes clear by noting that their structure is analogous

I
to the structure of the bff::f:: terms, where the products

of electron and Mn density matrices are replaced by the

corresponding unfactorized correlation functions. Thus, the

111 ) ol
b sources provide the correlated parts of the bi>K
1n1ky 1n1Kg

sources, which represented a Landau-Lifshitz-Gilbert-like
dynamics including Pauli blocking.

Now that all source terms have been physically interpreted,
let us come back to the question of their relative importance
in the case considered numerically in Sec. IV. As already

noted, the sources bff';:::fl always play a pivotal role, since no
correlations would build up without these terms. The impor-
tance of the remaining terms depends on the physical situation.
Looking at the definition Eqs. (7d)—(7f) of the sources, it is

X2 . .
seen that the terms bff;']z::f ,with X € {I,11,111}, comprise

.. . . . Lnok, X1
similar factors as the corresponding contributions bllezkf ,

except that the former contain an additional factor proportional
to the electron density matrix Cllfk]. From this observation

X2
we can conclude that the bff;’f::]z sources should be less

) X.1 . .
important than the bﬁf;ftf terms, if the electron density
is moderate, as it is the case here. A criterion for being in

the low density limit is particularly easy to formulate for

Lnoky 112

1 . N

the bffo:Z terms, since Eq. (76133 l1mphes that b,
negligible compared with bff;’f::f " if Ny > N,, which is
fulfilled in our simulations. However, it is more challenging to

. . o ko 12 .
give a condition for the negligibility of the bfletf term, as it

strongly depends on the electron distribution in k space.

blznzkzlll
[1n1k1

1 .
asthe bf;;’ft]z term, except that the correlations Q;TZ?E take the

Finally, since the sources have the same structure

I n . . .

place of the product C;y M2, they will be of minor importance
noky
l1n1ky

I n

kg Mn

if the relation < 1 is satisfied. The latter relation is
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expected to hold, when the conditions for the applicability

of the correlation expansion are fulfilled. The numerical

- o ok [T
results shown in Fig. 1 indicate that the 5% terms

provide insignificant quantitative corrections, which confirms
the consistency of the correlation expansion approach.

The fact that a source contains correlations is, however, not
sufficient for concluding that it can be neglected compared

. Lok, ! . . .
with the b;°>" terms, which do not involve correlations.

_ 1 -
In particular, the bffoll:f term was shown to qualitatively

modify the spin dynamics (cf. Figs. 1 and 2). In view of our

) i 1.1 S .
interpretation of the bff;'fll:f term, this implies physically

that accounting for the precession of the correlations around
the Mn magnetization is essential for a correct description of
the spin dynamics. This also explains why previous studies

in Refs. [16,17] reported a negligible contribution from the

Lok, 11 1 . . . .
lfﬁ:k: term, since there a situation was considered, where

the average Mn spin was initially set to zero which suppresses
the precession.

The features of the spin dynamics predicted in this
article manifest themselves in the time evolution of the spin
polarization which is a quantity accessible experimentally,
e.g., by time- and polarization-resolved photoluminescence or
Faraday-/Kerr-rotation measurements [20]. Favorable for the
observation of such effects should be experiments measuring
the time dependence of the spin polarization as well as
the its equilibrium value where the angle between the Mn
magnetization and the initial electron spin polarization induced
by a circularly polarized laser beam is varied. For our purposes
bulk materials are preferable compared with, e.g., quantum
wells, since for heterostructures the anisotropy with respect
to growth axis as well as structure inversion asymmetry can
play a role [21], which would make it hard to separate the
angular dependence predicted by our theory from anisotropy
effects. Furthermore, II-VI DMS should be better suited for
the proposed experiment than III-V DMS, since they have
the advantage of isoelectrical doping. In III-V materials, the
Bir-Aronov-Pikus interaction [22] between electron and hole
spins can dominate the spin dynamics [9], while for I[I-VI DMS
with sufficiently high Mn doping the s-d-exchange interaction
is typically the most important spin relaxation mechanism [23].

VI. SUMMARY

In this article, we have analyzed the spin dynamics of
conduction band electrons in Mn doped bulk DMS induced
by the s-d-exchange interaction. In contrast to our previous
studies [16,17], we now assume a nonzero Mn magnetization.
This naturally leads to a distinction between the electron spin
dynamics of the components parallel and perpendicular to the
Mn spin which introduces an anisotropy in the spin relaxation.
Starting from a microscopic quantum kinetic theory based
on correlation expansion we have derived the Markov limit
yielding equations similar to the widely used phenomenolog-
ical Landau-Lifshitz-Gilbert equations. Our derivation yields
microscopic expressions for the parameters in the Landau-
Lifshitz-Gilbert equations and allows us to identify some
quantum corrections. The resulting rate equations were solved
analytically.
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Numerical simulations within the quantum kinetic theory
revealed that, while the dynamics of the perpendicular electron
spin component can be well described by the Markovian
theory, the parallel component exhibits qualitative deviations
between the full quantum kinetic and the corresponding
Markovian results. The differences between both levels of
theory manifest themselves in a nonmonotonic temporal
behavior of the total spin in the quantum kinetic theory as
opposed to an almost exponential monotonic decay predicted
by the Markovian theory. Moreover, for certain excitation
conditions, even the sign of the spin polarization differs
between these levels of theory.

A detailed analysis allowed us to assign a physical
interpretation to all source terms for the correlations and to
understand their relative importance found in our numerical
studies. With the help of this analysis and our numerical
results, the deviations between the full quantum kinetic theory
and its Markov limit were traced back to the neglect of a
precession dynamics of the correlations in the Markov theory.
This precession is missing in the Markov limit not because of
the assumption of a short memory but due to the perturbative
treatment that is implicit in this approach.
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APPENDIX: ANALYTICAL SOLUTIONS OF THE
MARKOV EQUATIONS

Equation (14a) is a Riccati differential equation

]
sk] = fs”2 gskl + A, (A1)

ot

PHYSICAL REVIEW B 90, 035206 (2014)

with £ = 7, 5. g = g ((S) — (S1%)) and h = yp,, S™E0

For f = 0, which is the case if S = 0, the solutlon of Eq. (Al)
is simply:
I T
sy, (1) = skl(O) + E (A2)
For f # 0, the Riccati equation can be rewritten in terms of a
linear differential equation with eigenvalues:

Mp=—3 £ - rh (A3)
~— ——
= =
The solution of Eq. (A1) is then given by:
sli=E- —tanh<g + w) (A4)
f f 2

where ¢ is determined by the initial value of sﬂl
Eq. (14b) for the perpendicular spin component assumes
the form:

d
atsk‘ = (=& + fsy,)sie (A5)
where & = 1y, ((S?) + (S1%)). Eq. (AS) is solved by
SE (1) = s (O)e 8 ¢/ oo i (A6)

=1

For f =0, I =1 and the perpendicular spin component
decreases exponentially. Inserting the solution for the parallel
spin component from Eq. (A4) for nonzero f yields:

cosh (%)

=t ——=2 |
¢ cosh(%—i—vt)

(A7)
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Starting from a quantum kinetic theory for the spin dynamics in diluted magnetic
semiconductors, we derive simplified equations that effectively describe the spin transfer

between carriers and magnetic impurities for an arbitrary initial impurity magnetization. Taking
the Markov limit of these effective equations, we obtain good quantitative agreement with the
full quantum kinetic theory for the spin dynamics in bulk systems at high magnetic doping. In
contrast, the standard rate description where the carrier—dopant interaction is treated according to
Fermi’s golden rule, which involves the assumption of a short memory as well as a perturbative
argument, has been shown previously to fail if the impurity magnetization is non-zero. The

Markov limit of the effective equations is derived, assuming only a short memory, while higher
order terms are still accounted for. These higher order terms represent the precession of the

carrier—dopant correlations in the effective magnetic field due to the impurity spins. Numerical
calculations show that the Markov limit of our effective equations reproduces the results of the
full quantum kinetic theory very well. Furthermore, this limit allows for analytical solutions and

for a physically transparent interpretation.

Keywords: spin dynamics, diluted magnetic semiconductors, correlation expansion, Kondo

Hamiltonian

(Some figures may appear in colour only in the online journal)

1. Introduction

Diluted magnetic semiconductors (DMS), in particular Mn
doped II-VI and II-V materials, have been studied for sev-
eral decades [1-19]. However, the theoretical description of
the ultrafast spin dynamics of the magnetic impurities and
carriers is, so far, mostly limited to a single-particle mean-
field picture, where transfer rates are calculated perturbatively
by Fermi’s golden rule. Interesting features of the spin
dynamics in DMS that have been demonstrated in recent
time-resolved Kerr measurements [20], like the non-
monotonous magnetic field dependence of the transverse spin
dephasing time in extremely diluted Cd;_,Mn,Te quantum
wells or the mismatch between the theoretically predicted and

0268-1242/15/085011+10$33.00

experimentally measured dephasing times for zero magnetic
field, still lack a satisfactory theoretical explanation. To pro-
vide a more elaborate theoretical framework for the discus-
sion and quantitative calculation of the spin dynamics in
DMS, a quantum kinetic theory based on a correlation
expansion has been introduced [21] where the exchange
interaction between free carriers and the d electrons of the Mn
impurities was modelled by a Kondo Hamiltonian. The full
quantum kinetic theory is, however, numerically challenging
and the physical interpretation requires some effort. Hence, it
is a difficult task to efficiently implement other mechanisms
of spin exchange and dephasing into the theory in order to
account for effects that are in many cases needed for a proper
description of real experiments like, e.g., the D’yakonov—

© 2015 IOP Publishing Ltd  Printed in the UK
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Perel’ [22], Elliot—Yafet [23, 24] and Bir—Aronov-Pikus [25]
mechanisms. However, it was already shown that for three-
dimensional systems in which the number of Mn impurities
Nvin exceeds the number of free carriers N,, a simplification of
the quantum kinetic theory can be established that reasonably
reproduces results in the case of a vanishing initial Mn
magnetization [26]. This was achieved by a perturbative
treatment of the carrier—impurity interaction as well as the
assumption of a short memory. This procedure yielded the
same rate equations as Fermi’s golden rule. In contrast, for a
nonzero average Mn spin these rate equations were shown to
describe only the electron spin component perpendicular to
the Mn spin well, while a discrepancy in the dynamics of the
parallel electron spin component could be attributed to
neglected terms of higher than leading order in the coupling
constant Jyg of the Kondo Hamiltonian (1) in the perturbative
derivation of the rate equations in [27].

In the present article, we derive approximate equations of
motion for the electron spins in the spirit of the equations in
[27], but take the higher order corrections into account. These
equations describe the effects of the precession of the electron
spins around the effective magnetic field due to the Mn
magnetization and effectively account for a precession-type
dynamics of the electron—-Mn correlations that has been
identified previously in [27]. The resulting precession of
electron spins and correlations (PESC) equations are then
discussed and their Markov limit is established which can be
solved analytically. Numerical calculations show that for
Nwvin > N, these analytical solutions coincide with the results
of the full quantum kinetic theory, at least in three-dimen-
sional systems. The simplicity of the PESC equations makes
it possible to easily interpret the basic physical processes
involved in the quantum kinetic theory and allows the PESC
equations to provide a suitable framework for further studies
of non-Markovian effects as well as of the interplay between
the s—d interaction and other mechanisms of spin relaxation
and dephasing. In particular, it was shown in [29] on the basis
of the PESC equations that in some materials the Dresselhaus
[30] or Rashba [31] spin—orbit interactions can compete with
the s—d exchange interaction.

It is noteworthy that the derived effective equations are
expected to be applicable not only for the spin dynamics in
DMS, but they can easily be extended to describe more
generally any system, in which a continuum of states is
coupled to localized magnetic impurities via a Kondo-like
Hamiltonian

Hy = Ja ZSI -§5(R; — 1), (D
i

where in the case of DMS §' and § are the spin operators of
the Ith Mn ion and the ith electron, respectively, and R; as
well as r; are the corresponding positions. Similar magnetic
interactions can also arise from nuclear spins due to the Fermi
contact interaction or an effective interaction between
conduction band electrons and localized states, such as in
quantum dots, or quasi-particles, e.g. excitons, in a huge
variety of systems ranging from semiconductor

heterostructures to novel materials such as graphene or
dichalcogenides, since the main difference between these
systems lies in the details of the single-particle band
structures. Therefore, the equations of motion studied here
are of prototypical character for the spin dynamics of
extended systems.

The article is outlined as follows: first, we summarize the
quantum kinetic theory and reproduce the basic equations of
motion where we restrict ourselves to the terms that were
shown in [27] to be numerically important in the case
MNMvin > N,. In a next step, we apply a rotating-wave-like
approximation and derive the PESC equations of motion for
the electron spins and occupations. Then, the Markov limit of
the PESC equations is introduced, and the thereby described
physical effects are discussed; in particular the spectral
redistribution of electrons as well as Pauli blocking effects are
shown to arise naturally on this level of theory. Subsequently,
analytical solutions to the Markov limit of the PESC
equations are presented and compared with numerical results
of the full quantum kinetic theory.

2. Method: derivation of effective equations

We will give a short overview of the quantum kinetic theory
for the spin dynamics in DMS developed in [21]. There, a
systematic derivation of equations of motion for the spins of
interacting carriers and Mn impurities in DMS has been
presented accounting for conduction and valance band car-
riers, their coherences, the Mn impurity spins, the correlations
between carriers and impurities as well as the effect of an
external laser field, where a disorder average over the random
distribution of the impurities in the semiconductor was per-
formed. Apart from the corresponding band energies, the
theory accounts for the exchange interaction between carriers
and Mn impurities as well as for the dipole coupling to a
classical laser field.

We want to focus our study on the spin dynamics in
isoelectrically doped bulk DMS starting from a non-equili-
brium state. Such kind of situation can be prepared, e.g., by
optical excitation with circularly polarized light. Since in bulk
systems, the typical timescale of the hole spin relaxation is of
the order of 100 fs [28] due to the strong spin—orbit interac-
tion, we can neglect the valence band and the interband
coherences when concentrating on a ps timescale. The
assumptions and parameters used in the present article can be
realized best in II-VI DMS, whereas in III-V based DMS the
situation can be more involved, e.g., the Mn doping usually
leads to a p-doping in GaMnAs as a side effect. Furthermore,
while the impurities in II-VI DMS are typically found in the
spin-% configuration of the Mn’* state, substitutionally

incorporated Mn3* ions, e.g., in GaMnN can form spin—%
systems [19].

When only the conduction band electrons and the
impurities together with their correlations are considered, the
resulting equations of motion can be simplified as it was
shown in [27]. As dynamical variables we can choose the
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spins sk and occupations ng of conduction band electrons
with wave vector k and average impurity spin (S) and second
moments (S%1S”) as well as the carrier—impurity correlations

Qﬂ k2 defined by:

ng =Y <c,j]klcglkl>, 2a)
a={1.1}
Sl{l = Z ng< ;lklco'zk1>’ (Zb)
onoa={1.1}
3
<S7> - Z Smnzpnlm (26)
nyna=—3
s
(Snsny = Z S/, SE < ﬁn10n2>, o)
niny=-3
5
Q/(;lll((l2 = z z Smg2 ”llnz
ono={1,1}nL,n=-3
. N . i y
X |:<CO!Ikl cgszP"l”Ze](kz k])Rl> a <C;1k1cozk2><B11n2 >]7
(2e)

where Cr:lk and ¢k, are the electron creation and annihilation

operators, o = |1, m){I, n,| is the density operator for the

niny
spin-% state of the d electrons of the Ith Mn ion, and the
indices o; as well as n; represent spin indices of the
conduction band electrons and Mn spin states, respectively.
The indices y and f in equation (2) correspond to the three
space components of the spin. In the definition of the
correlations Q,‘,’kkf the index a runs from O to 3. s, are the
electron spin matrices and the identity matrix (for a = 0),
respectively, and S,{’)n2 are the spin-g matrices for the Mn
ions. The brackets symbolize the quantum mechanical
average as well as the disorder average over the random
distribution of the Mn positions R; (see [21] and [27] for the
details of the correlation expansion and the truncation
scheme). The equations of motion for the dynamical variables
are then given by [21, 27]:

%= Lot $320(08).

k i=1

(a)

3

. Jsc;/’;Mn Y[ 59(0%) + Tewr(od) |

k i,j=1 (3]9)
a 3
a—Q;;l':f =—i(oK, — 01O + Y, a0 QK
4 7,0=1
i I R
+=da(b’ + 0" ). 3o)

where V represents the volume of the sample, ny, = N‘“/“"
the Mn density and the k-sum has to be performed over all
states in the first Brillouin zone. In equations (3b) and (3c¢),

the mean field precession frequency and axis of the electrons

around the Mn magnetization @y :=

. E s
introduced. oy = = = =

7 o
frequencies of the quasi-free conduction band electrons
assuming a parabolic band structure with effective mass m*

. . . R
without the electron—-Mn exchange interaction. b/}"l!‘f es

comprise residual source terms that were identified in Ref.
[27] to be insignificant if Ny, > N and Vis large. Therefore,

J}%;‘nMn (S) has been

describes the single-particle

akz

we will henceforth neglect b | . The relevant source terms

b”’l“2 for the correlations, which are given explicitly in

appendix, describe the build-up of correlations between the
impurities and the carriers [27]. The precession-type
dynamics of the carrier—-Mn correlations around the effective
magnetic field due to the Mn magnetization are incorporated
via the term proportional to @;, in equation (3¢). The neglect
of the latter has been found to be the reason for the failure of
the golden rule-type rate equations of [27] in describing the
parallel spin transfer between the carriers and the magnetic
impurities.

It is, however, possible to account for this precession and
to integrate equation (3c) formally. This is particularly easy if
we use the assumption Ny, > N, that allows us to regard the
Mn density matrix as nearly constant in time. If the z-axis is
defined to point in the direction of the Mn magnetization, the
correlations are given by:

t
Q}}L‘f=—fsd / dt’{ b (el wkl)“-”} (4a)
0
t
o3t = aa [ ar{ (bt @)+ b )
X ei(wkz—wkl—wm)(t’—t)
b (b ) — i ) )elon-onon)on
(4b)
t !’ X 1 ’
Q};‘iﬁ—zﬁ ta [ a {( ey — vk @)
X el ((okQ—(okl—wM) t'—t)
+( [);l]((lz (t)+ bgllzlzl(t/))ei(mkz—mk]+mM)(z’—t)
(40)
t
0ji =~ / d;’{ bk (1) ei(@amom) —t>} (4d)
0

In order to simplify equations (4), we follow the line of [27]
and identify fast and slowly changing terms. To this end, we
express the electron spin in the state with wave vector k;

Sk cos(a)Mt + qokl)
Sk, “=| i sin(a)Mt + (pk]) ; &)

I
skl

in terms of the spin component parallel to the Mn
magnetization slﬂl, the perpendicular spin component slng and
the phase ¢, . A rotating-wave-like approximation is

established, by assuming that these variables sk] skl1 and ¢y
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as well as the electron occupation ny, of the states with k-
vector k; change only slowly in time, since they are constant
in the mean field approximation. When they are drawn out of
the integrals in equation (4) and the resulting expressions for
the correlations are inserted in the equations of motion (3a)
and (3b) for the electron occupations and spins, we get:

2t - B (o) 2t -t
k

+ m(kaﬁaJM)[binkl/T b+nT/l —2b0 T/l l/T:I

Wk

(6a)
%sﬁl = —Zk:[%(Ga‘ﬁ’k‘“_wM)(];—Jr - b()nk)Sm
+ m(c;;kkl+“’M)(b2 bonk)skl
+ m(ngkl)%”(sﬁ + sﬁl)]
<S> Wk —OM E _
s [W R { (i )( 2 bo”'l)
- 3‘(c;a‘i’,r‘+w“4)(b2 + b l)}]sk],
(6D)

where in favor of a compact notation, the variables for the
occupations and spins have been transformed into the
occupations of the spin-up and spin-down band, i.e., the
diagonal elements of the reduced electron density matrix,
according to:

ng
it i=— 4l (7)
2
The coefficients used in equation (6) are given by

b* =(Sl2) + <52H>, 190:=<STII> as well as bll:=

(S), where

=S. (S; ] is the Mn spin operator component parallel to

. 2 -
the average Mn spin and (S*°) = %(S 2 — SI¥y. The remaining
integral together with some prefactors are subsumed into the
memory function

G? an" r
Gowi= / drei(@n-ou @®)

Equation (6) together with the memory in equation (8)
describe the spin dynamics of the conduction band electron,
where the precession of the electron spins and electron—
impurity correlations are accounted for and will henceforth be
referred to as the PESC (precession of electron spins and
correlations) equations. Note that to account for finite
memory effects, the memory G, *' has to be regarded as an
integral operator and the spins and occupations in the rhs of
equation (6) have to be evaluated at the time ¢ + ¢’

3. Results and discussion

3.1. Markov limit of effective equations

Equations (6) are written in terms of dynamical variables that
depend on the k-vector including the angles. This is important
for possible extensions of the theory with k-dependent
effective magnetic fields resulting from, e.g., Dresselhaus [30]
—and Rashba [31]—terms. Without such extensions, angle-
averaged equations can be obtained after going over to the
Markov limit from which the physical meaning of the indi-
vidual terms in the PESC equation (6) will become most
obvious. Technically, this is done by letting the lower integral
bound —¢ go to —co in the memory function G,*. The
memory is then given by:

J2 nvin i
Gowony 8 (wk — wy,) — P———— . 9
W Ry (0x — @) or = o )

The memory G,* contains a Dirac delta distribution with
respect to the frequencies wy. This allows us to derive from
the PESC equation (6) closed equations for dynamical
variables that depend only on the frequencies. To this end,
we define the following averaged quantities:

1/ _
M_Zk 5wk — wn)

Mg 1= , (10a)
Zk 6(wx — 1)
Zk Sic6 (wx — @)
] = . (10b)
Zk 6 (o — o)

Due to the delta distribution in equation (9), it becomes clear
that the first term in equation (6a) for the spin-up and spin-
down occupations disappears. Therefore, performing the
Markov limit of equation (6) and averaging over the angles,
we obtain the following equations for the averaged variables
n,j,]/l and s(jl = |sj,1|:

= cD(w») { btn

j,z - b_naT,] - 2bonaT,1 n,},z}, (11a)

cD(a)l){b n,,,l —b*n 0,2 + ZbOnOT,ln,,,z} (11b)

0
Enwz

(s

0
Es(j‘ =—2C (D(a)()) +D(CU2))

+ D(a)l)<S”2>+

I
-8 (Do, - D(wz>noﬁz)}s$,, (110)

where wg:= w; — wy and w,:=w; + wy. Here, we have
used that in the quasi-continuum limit Zk - / dwD (w)
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with D (w) being the density of states (DOS), and thus:

Zm(Gmkl) — LannﬂZ(S(a)k - a)kl)
_ 23 ”34 2D (@), (12)

=:c

Therefore, it can be seen from equations (11a) and (11b) that
in the Markov limit of the PESC equations, the only
dynamical variables entering the equation of motion for the
spin-up electrons n,) with frequency wiaren} andn, itself.

o) Wy o)

only depends on n,) and

W)

Equally, the time evolution of n}

al,z, so that this pair of occupations is completely decoupled

from the rest of the dynamical variables. Furthermore the
total number of electrons in the pair of occupations ) », and

nal,2 is conserved, since from equations (1la) and (11b) it

follows:

(O))

0
—Z, = 0, 13a
Pl (13a)
where
_D(wl)n(ul + D(wZ)nmz (13b)

Equation (13a) allows us to merge equations (11a) and (11b)
into a one-dimensional differential equation:

%xw] = 2cb0x02)] - C[D(a)1)b+ + D(wy)b™ + 2b°zwl]xwl
+ cD(w1)b*zy,
(14)

for
x(l}

the spectral electron density in the spin-up subband
=D (w )n,,,]
The last term in equations (11a) and (1 lb), respectively,

1

is a consequence of the source terms bﬂ"l:“ in [27] which
were associated with Pauli blocking in the golden rule-type
rate equations that did not account for the precession of the
correlations. This fact is also visible here, since for n(j,l ~ 1,
equation (11a) yields

ol ) 2o

while without the last term of equation (11a), the limit would
be

(15a)

= cD(wz)(<Sl2>(nal,2 — 1)+ <2”>( nd, + 1)]

(15b)

. .. 2, . Co
Since the minimal value of (S*°) is % which is greater than

<S‘)

the maximal value of of %, the ths of equation (15a) is

always non-positive, so an over-occupation of naT)1 with values
greater than 1 is averted. In contrast, in equation (15b) the
occupation n Tl can exceed the physically reasonable limit of

1, e.g., in the case n ~ 1. Thus, again, the terms resulting

ak21~2
from b

effects.

The equation of motion (11c) for the electron spin
component perpendicular to the Mn magnetization suggest an
almost exponential decay to zero, but the occupations of the
spin-up electrons at @; — wy, and spin-down electrons at
w1 + wyy enter in the effective decay rate. The appearance of

in [27] are shown to provide for Pauli blocking

the occupations is also due to the b /‘,’12‘2 terms Here, they do

not represent Pauli blocking, but are a remnant of the
Landau-Lifshitz—Gilbert-like damping term structure in the
Markov limit in [27], since:

I
<S ) (D(a)o)na,0 - D(wz)”mz)skl
SN ( Zeo = Zay
= <2—>(f + s,',',l)sk] (16)
and
[Sw X (80 X (s))] = (Shys) st (17)

In fact, comparing the derivation of the Markov limit
with and without accounting for the precession of the corre-
lations it can easily be seen that the PESC Markov
equation (12) lead to the Markov equation (10) of [27], when
wyy is set to zero in the memory terms G2'=“.

3.2. Analytical solutions
The Markov limit of the PESC equations allows us to find

analytic solutions which we will derive in the following.

3.2.1. Without Pauli blocking. 1If the terms resulting from

b akz are neglected, equations (11a) and (11b) yield:
o = —c(D(@)b* + D(02)b7)xy, + cD(01)b* 2,
(18)
The solution of equation (18) decays exponentially:
Ko (8) = (%0, (0) = &y )& 701" + &, (19a)
with
Ny, 1= c(D(w)b* + D(wy)b”), (19b)
D(w;)b*
i ) . (190)

D(w)b* + D(w))b~

It should be noted that for D(w2) = D(w), the rate 7,
reaches the same value as for the rate equations of [27] and
Fermi’s golden rule [1, 26] when only the parabolic band
energy is accounted for the initial and final states. Here, 7,
describes rates that can be derived with Fermi’s golden rule,
when the mean field energy difference between electrons in
the spin-up and spin-down subbands 7w, is substituted into
the band structure and transitions between these now non-
degenerate subbands are considered.
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. . 12
Furthermore, without the terms originating from b /}’11‘12 s

the perpendicular component of the electron spin changes
according to

94
ot
SL2>
2
= —cq (D(wo) + D(wz))T + D(w1)<5” > Son
(20)
=

which is solved by

S (1) = 55, (0)e . 1)

It should be noted that neglecting the b ;‘l:‘fl‘

rate equations without accounting for the precession of the
correlations yielded the same expression for the rate that can
also be obtained by letting D (@) and D (w,) go to D(w;) in
equation (20). In [27] it was found that including the
precession of the correlation in the calculation did not
significantly change the spin dynamics of the perpendicular
component. Now, this can be understood by Taylor-expand-
ing the DOS. Since in three dimensions, the DOS is
proportional to the square root of w, we find:

2 .
terms in the

D(wy + o) = D(wy) |1+ 2% (22a)
(]
and therefore
2
wpm
D(wo) + D (@) = 2D(w)) + O (—) . (22b)
wq

Since the difference between the rates for the perpendicular

component with and without accounting for the precession of

the correlations is of second order of the ratio ’%M, significant
]

deviations can only be expected for small values of w;. There,
however, the DOS is rather small.

3.22. With Pauli blocking. Equation (14) is a Riccati
differential equation with constant coefficients. Also in the
case of golden rule-type rate equations derived from the
original quantum kinetic theory, where the precession of the
correlations around the Mn magnetization is neglected, we
found an equation for the parallel electron spin component of
this form [27]. The solutions of equation (14) can be obtained
along the line of the appendix in [27]:

Py Ve, o
Xe, (1) = 30 - 50 tanh (7 + l/w,t), (23a)
with
o, = 5[ D(@)b* + D(@2)b™ + 26, |
Vo = 1 = 22D () b*b%,,. (23b)

where z,,, and ¢, are determined by the initial values of nf,]

and n,})z.
Finally, the time dependence of the perpendicular spin
component can be calculated using the analytical expressions

T 1 .
for n,, and n;, and reads:

30, [ Ty Uy
s (6) = sk (0)eTite™ c/O at' (D (@o)nly ()=D(@2)nds (1))
(24)

In order to explicitly give the corresponding analytical
expressions we have to distinguish two cases:

For w; < wy, D(wg) vanishes and we find from
equation (24):

1
SE (1) = st (e ate( ezt )t (254)
and for w; > wy; we obtain:
L 0., 1, 1
SaJ;l (t) = saJ;] (0)6_}/’”1 te(h ot Hwo 2”“”)’
Yol Y00
cosh (T + u,,)lt) cosh (T + uwot)
X (25b)

Pw]
Cosh( 3 )

3.3. Numerical studies

The validity of the approximations used to derive the Markov
limit PESC equation (11) is now checked by comparing the
predicted spin dynamics with the results of the full quantum
kinetic theory of [21] including also the residual terms that are

denoted as b /?li‘lzRes in equation (3¢). We modeled a bulk DMS
of Znp93Mng o7Se with the following parameters: the Kondo

coupling constant Jg = 12 meVnm®, the effective mass

m, = 0.21 m( and an initial average Mn spin of %ﬁ along the
z-axis. These parameters are chosen as a compromise
between, on the one hand, realistic parameters to model
situations that could be explored experimentally, and on the
other hand to provide a resonable test for the derived
equation: a particularly large effective mass and a relatively
high doping concentration lead to strong effects of the s—d
interaction on the spin dynamics [26]. The coupling constant
does not vary drastically between the different DMS materi-
als. Furthermore, the difference between the different levels
of theory, especially the role of the Pauli blocking terms, can
be particularly highlighted by choosing initial non-equili-
brium conditions, where the initial electron occupations are
modeled by step functions (cf figure 1)".

In a first calculation, the spin-up subband occupation was
initially a step function with a cut-off energy at u = 3 meV
for electrons in the spin-up subband, while the spin-down
subband was totally unoccupied for ¢ = 0. The results are

! If the Pauli blocking terms are neglected, the equations are linear in sy and
nx. Therefore, the solutions of the equations for other initial occupations can
be written as linear combinations of the solutions for the step functions.
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Figure 1. (a) Time evolution of the electron spin polarization of an initially step-like electron occupation in the spin-up subband. The red solid
line is the result of a calculation using the full quantum kinetic theory (QKT) (see [21]). The green dashed line is derived from the rate
equations without taking the precession of the correlations (w/o Prec. Corr.) into account (see [27]). The black crosses represent calculations

of the quantum kinetic theory where the Pauli blocking terms b [711‘2‘1'2

are neglected. The blue circles describe the spin dynamics according to

the Markov limit of the PESC equation (11). (b) Electron distributions at times ¢ = 0 ps and 7 = 15 ps calculated using the full quantum kinetic

theory and the Markov limit PESC equations, respectively.

shown in figure 1(a) where we plot the modulus of the total
spin polarization

N EERY

There, the spin polarization is shown to decrease almost
exponentially from the initially completely polarized config-
uration to a negative value according to the full quantum
kinetic theory. While the calculation without accounting for
the precession of the correlations deviates from the full
quantum kinetic theory significantly, as it was already found
in [27], the Markov limit of the PESC equations is able to
reproduce the results of the full quantum kinetic theory almost

perfectly. By comparison with the calculation neglecting the

I
source terms b /f’ll‘z‘

used in this calculation, Pauli blocking effects are of minor
importance.

Figure 1(b) depicts the energetic redistribution of the
electrons: the initial step-like spin-up occupation evolves into
a structure with two peaks; one in the spin-down and one in
the spin-up band. The spin-up electrons with energy Zw; are
redistributed to states with energy /%, + 7w, which is pre-
dicted by the Markov limit of the PESC equation (6) due to
terms proportional to  (wx — (wk, = @y )). In contrast, when
the precession of the correlations are neglected, the spin-down
peak builds up at the same energetic position as the spin-up
peak as the shift by Zw,,, which accounts for the precession-
like dynamics of the Mn-carrier correlations, is missing in the
delta distribution. The skewness of the peaks in figure 1(b)
arises from the square-root dependence of the DOS on the
energy in a three-dimensional system. The fact that a small

(26)

2. .
it can be seen that for the initial values

tail is found below the spin-down peak representing occu-
pations of states with energies lower than 7w, as well as a
build-up of a high energy tail of the spin-up peak demonstrate
slight non-Markovian deviations from the Dirac delta-like
memory in the Markov limit of equation (9). These effects
are, however, too small to influence the time dependence of
the total spin polarization significantly.

Figure 2 displays the time evolution of the electron spin
polarization for a situation where the initial conditions were
chosen as in the calculations for figure 1, except that the
average Mn spin is now turned 90° away from the electron
spin. Unlike the case discussed before, the spin polarization
vector Sy Now has components parallel and perpendicular to
the Mn magnetization. Figure 2(a) shows a build-up of the
spin polarization parallel to the Mn magnetization according
to the full quantum kinetic theory which coincides with the
calculations in the Markov limit of the PESC equations and
the simulations without accounting for Pauli blocking. As in
the previous calculations, the solution of the golden rule-type
rate equation of [27] deviates significantly from the other
calculations, since the energetic redistribution of the electrons
is neglected. The time evolution of the perpendicular electron
spin shown in figure 2(b), however, is almost the same in all
of the above calculations which can be understood by con-
sidering equation (22).

In the following, we want to discuss the effects of Pauli
blocking. To this end, we study a case, where both subbands
are initially partly occupied and where the spin dynamics is
especially clear: we use initial conditions that describe a
situation, where the spin polarization is expected to be nearly
constant if Pauli blocking is taken into account. Then, if we
calculate the spin dynamics while neglecting the terms
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Figure 2. Time evolution of the spin polarization parallel (a) and perpendicular (b) to the Mn magnetization. The initial electron distribution is
the same as in figure 1, except that the Mn magnetization was rotated 90° into a direction perpendicular to the initial electron spin (key as in

figure 1(a).
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Figure 3. Time evolution of the spin polarization (a) and electron redistribution (b) of an initially step-like occupation of electrons where the
difference of the cut-offs of the spin-up and spin-down subband occupations is %@ ;. In (b), the occupations are plotted for calculations based

(1k11<2

on the full quantum Kinetic theory with and without the terms b g,

responsible for Pauli blocking effects, we can attribute the
non-constant behavior to these effects. If the Hamiltonian (1)
is treated on the mean field level, the equilibrium occupations
at T = 0 of the spin-down and spin-up subbands follow spin-
split Fermi distributions, i.e., step-functions, whose cut-off
energies, measured from the respective band edge, differ by
7iwyy. The results of the calculations with these initial con-
ditions are given in figure 3. Since the full quantum kinetic
theory also accounts for the correlation energies, very small
changes in the electron spin polarization are found, which are
due to the build-up of correlations over the course of time.

accounting for Pauli blocking.

Figure 3(a) shows that the Markov limit of the PESC
equations again yields nearly the same spin dynamics as the
full quantum kinetic theory, while the rate equations without
precession of the correlations fail to describe the spin polar-
ization, since different states are coupled due to the neglect of
wy in the Dirac delta function of the memory. The calcula-
tions involving the quantum kinetic theory without the Pauli
blocking terms lead to surprisingly small deviations from the
full quantum kinetic theory concerning the total spin polar-
ization displayed in figure 3(a), despite the unphysical build-
up of occupations n,) > 1 for some values of @ seen in
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figure 3(b). The electron occupations after r = 15 ps depicted
in figure 3(b) essentially follow the original step functions for
the two spin orientations, but since the edges are smoothed
due to the non-Markovian deviations from the delta dis-
tribution in the memory, they resemble Fermi distributions
with an finite effective temperature.

4. Conclusion

We have derived effective equations of motion
(cfequation (6)) for the conduction band electron spins and
occupations starting from a microscopic quantum kinetic
theory using a rotating-wave-like ansatz. These equations
account for the precession of the electron spins around the
effective magnetic field due to the Mn magnetization as well
as for a precession-like dynamics of the electron—-Mn corre-
lation functions. Therefore, in this article they are referred to
as PESC equations. The PESC equations can be more easily
interpreted as the original quantum kinetic equations. They
also provide an important speed-up of the numerics, in par-
ticular, when the Markov limit of the PESC equations is used.
The spin dynamics for high Mn doping in three-dimensional
systems derived from our effective equations in the Markov
limit are demonstrated by numerical calculations to agree well
with the corresponding results of the original quantum kinetic
theory. This resolves the deficiency of the golden rule-type
rate equations of [27] for the case of a finite initial impurity
magnetization. Even though the PESC equations can in
principle describe non-Markovian effects as well as Pauli
blocking, the numerical studies suggest that these are of
minor importance for the time evolution of the total electron
spin polarization, at least for the situations studied in this
paper.

The Markov limit of the PESC equation (11) can be
readily interpreted: for a positive coupling constant Jy4, spin-
up electrons can gain energy in the mean field due to the Mn
magnetization by a spin-flip process to the spin-down sub-
band. Due to the total energy conservation, this energy is
transformed into kinetic energy. Therefore, a spin-up state
couples effectively only to a spin-down state with a kinetic
energy /)y, greater than the spin-up state energy and vice-
versa. The resulting equation can be solved analytically
yielding a time dependence of the electron spin polarization
following a tanh-function. If the Pauli blocking terms are
neglected, the equations are solved by a simple decaying
exponential function with a rate that can also be obtained by
applying Fermi’s golden rule, if the mean field energy of an
electron in the effective field of the Mn magnetization is
included into the single particle energies.

Numerical studies of the energetic redistribution of the
electrons in the full quantum kinetic theory support the
findings of the delta-like coupling of states in energy space in
general, but slight deviations from this Markovian prediction
can be seen especially in the smoothing of sharp edges of the
initial electron occupations. It is expected that the non-Mar-
kovian features will be more important in two-dimensional
systems [26, 32]. The PESC equations in the Markov limit

derived in this paper can provide a suitable framework for
further investigations of these effects. In addition, their
numerical simplicity allows for the introduction of other
mechanisms of spin relaxation to study reliably their com-
petition with the s—d exchange interaction which would be a
demanding task within the original quantum kinetic theory.
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Appendix. Source terms for the carrier—impurity
correlations

The source terms b”‘k2 for the carrier—impurity correlations
Q,;’,:‘f in equation (3¢) are

bok! = Z((sm@ (575 e, — (SPS7) (s”s}'>klkz>, (A1)

v
where for a = {1, 2, 3}

1 1
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2 2
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We study theoretically the ultrafast spin dynamics of II-VI diluted magnetic semiconductors in the presence of
spin-orbit interaction. Our goal is to explore the interplay or competition between the exchange sd coupling and the
spin-orbit interaction in both bulk and quantum-well systems. For bulk materials we concentrate on Zn,_,Mn, Se
and take into account the Dresselhaus interaction, while for quantum wells we examine Hg, . Mn,Cd,Te
systems with a strong Rashba coupling. Our calculations were performed with a recently developea formalism
which incorporates electronic correlations beyond mean-field theory originating from the exchange sd coupling.
For both bulk and quasi-two-dimensional systems we find that, by varying the system parameters within realistic
ranges, either of the two interactions can be chosen to play a dominant role or they can compete on an equal footing
with each other. The most notable effect of the spin-orbit interaction in both types of system is the appearance
of strong oscillations where the exchange sd coupling by itself causes only an exponential decay of the mean
electronic spin components. The mean-field approximation is also studied and an analytical interpretation is
given as to why it shows a strong suppression of the spin-orbit-induced dephasing of the spin component parallel

to the Mn magnetic field.

DOI: 10.1103/PhysRevB.91.195201

I. INTRODUCTION

Diluted magnetic semiconductors (DMSs) are multifunc-
tional materials that combine the outstanding electronic and
optical properties of semiconductors with highly controllable
magnetic properties [1,2]. With the prospect of spintronic
applications of DMSs in mind, much effort has focused
recently on the study of ultrafast spin dynamics and control
[3-9]. At the same time, spin-orbit interaction (SOI) effects
have been intensely studied in nonmagnetic bulk and nanos-
tructured semiconductors [10-15]. The interplay between the
exchange interaction characteristic of DMSs and the more
generic SOI can lead to new possibilities for applications and
basic research [16-21]. In particular, the spin-orbit torque
effect in DMSs has attracted much interest in recent years
[22-29].

In this article we explore this interplay theoretically by
studying the ultrafast spin dynamics of a nonequilibrium
electron distribution in the conduction band of II-VI Mn-doped
semiconductors. Our work is based on a microscopic density-
matrix theory that models on a quantum-kinetic level the
spin precession and the spin transfer between electrons in the
conduction band of such semiconductors and the manganese
electrons, and which accounts for exchange-induced correla-
tions beyond the mean-field level and considers the localized
character of the Mn spins [30]. This recently developed
formalism is quite general and can be computationally costly
to apply in some circumstances. For this reason, in the present
study we consider a particular situation which is nevertheless
experimentally relevant and theoretically interesting: the limit
of high Mn density compared to the electron density, which
is normally realized in photoexcitation experiments. In this
particular regime we can apply a simplified formalism which
captures the essential physics that is relevant here and which
greatly reduces the numerical effort [31].

1098-0121/2015/91(19)/195201(8)
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The purpose of our study is to determine under which con-
ditions, if any, the spin-orbit-interaction mechanisms present
in semiconductors can become relevant or even dominant in
the picosecond-time-scale spin dynamics in DMSs. As will be
seen here, for both bulk and quasi-two-dimensional systems,
depending on the choice of material parameters and excitation
conditions, there can be a strong interplay or competition
between the two types of interaction. This rather unexplored
combined effect between exchange and SOI in DMS could
lead in principle to new forms of spin control suitable for
spintronic applications.

This article is organized as follows. In Sec. II A we present
the model Hamiltonian of the DMSs with spin-orbit interaction
and in Sec. IIB we review the equations of motion that
describe the spin dynamics in the formalism adopted here.
In Secs. III and IV we present and discuss our results for
bulk Zn;_,Mn,Se and for Hg, _,_ ,Mn,Cd, Te quantum wells,
respectively. Finally, we provide some concluding remarks.

II. QUANTUM-KINETIC FORMALISM
A. DMS Hamiltonian

The theoretical model of DMSs for our work includes the
exchange sd coupling between electrons in the conduction
band and d electrons of the doping Mn atoms and the SOI of
conduction-band electrons expressed in the envelope-function
approximation. The Hamiltonian has the form

H = Hy+ Hy + Hso, (D

where Hy = Y, p?/2m*, with conduction-band effective mass
m*, and the Kondo-like Hamiltonian [30]

Hy=Jay sS85 —Ry) ©)

il
describes the coupling due to the exchange interaction between
the conduction-band electrons and the Mn electrons. The spin

©2015 American Physical Society
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operator and position of the /th Mn atom (i th conduction-band
electron) are denoted as S; and R; (s; and r;), respectively.
The coupling constant Jyq is negative here, corresponding to a
ferromagnetic coupling [32]. In the present work the negative
Landé factor of Mn will always be combined with the negative
sign of the coupling constant Jy4. In addition, all spin variables
will be considered dimensionless and the coupling constant
accordingly modified.

For bulk materials, the SOI Hamiltonian Hsg of zinc blende
semiconductors is the Dresselhaus Hamiltonian [33]

Hp=yp Z oiiki (K7 y k2 .) +cyclic perm.],  (3)

i

where o is the vector of Pauli matrices and k is the
operator p/h. For quasi-two-dimensional systems, we consider
asymmetric quantum wells which display the Rashba SOI [34]

Hg =ar y_(kiy0ix — kix0iy). €

These effective spin-orbit couplings can be thought of as
interactions of a spin with k-dependent magnetic fields.

B. Equations of motion

In Refs. [30,31,35], the Heisenberg equations of motion
of the density matrix for DMSs without SOI were posed
and analyzed in terms of a correlation hierarchy which
includes averaging of the Mn-atom positions, thus rendering
the problem spatially homogeneous. In this work we follow
that formalism and extend it in a simple fashion in order to
study the effects of the SOI on the electronic spin degree of
freedom.

When the number of Mn atoms (Ny) is much larger than
the number of conduction-band electrons (N,), i.e. in the
limit Ny, > N, the quantum-kinetic equations established
in Ref. [30] can be significantly simplified. This assumption
can be easily fulfilled for intrinsic semiconductors in which
the Mn*" ions are incorporated isoelectronically, as in the
case of II-VI semiconductors [36]. Unlike the situation
in, for example, III-V-based DMSs, where the Mn doping
results in a large number of holes, in isoelectronically doped
systems the density of free carriers is controlled solely by
the photoexcitation and thus can be kept much smaller than
the Mn density simply by using low laser intensities. Here we
consider electrons excited with typical narrowband laser pulses
with near-band-gap energies and low intensities. Employing
the approximation of low electron density as compared to the
Mn doping density, we have developed a simplified formalism
[31] based on the full model of Ref. [30], which allows

|

b
=2 [Re(Gi:) 5 (=

sd Kk’

0

4
—n
ar K

sd K
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a numerically efficient handling of electronic correlations.
Here we adopt the low-electron-density limit and follow the
formalism of Ref. [31].
(a) (b)

E(laser) E(CB.) | Q.

Wt
Sl\
2 s
0 (K|

FIG. 1. (a) Schematic representation of the conduction band (CB)
and the spectrum of the circularly polarized Gaussian laser pulse that
excites electrons from the valence band to a Gaussian distribution of
spin-up electrons in the conduction band (centered at an energy Ec
above the band edge and with standard dev1at10n A). (b) The electron
spin and its components (si) and ( ) perpendicular and parallel
to the Mn magnetic field (or equivalently angular frequency wy),
respectively. Also represented is L2, the angular frequency associated
with the k-dependent spin-orbit effective magnetic field. The electron
spin precesses about wy + 2.

In the regime Ny, > N, the Mn density matrix can be
considered stationary and we take the z axis along the mean
Mn magnetization (S). The assumption of a stationary Mn
density matrix has been numerically tested under conditions
comparable with our present case in Refs. [31,35,37,38]. We
introduce a precession frequency for the conduction-band
electrons in the effective magnetic field of the Mn atoms:
Wy = ﬁ’anS , 5)
h
where nypy, is the Mn density and S = [(S)|, with 0 < § < %
We study the time evolution of the mean value of the spin
operator associated with the state with wave vector k,

Z S0 (Chcon) = (i), (s0), (6)

where (si) and (sk) are the mean spin components perpendic-
ular and parallel to the mean Mn magnetization, respectively
[see Fig. 1(b)]. We take as system variables (s]f) and the

populations ny = (clkcgk). The parallel mean spin can be
obtained from the latter as

(s0) = 2l —n). ™
Leaving aside for the moment the SOI, the time evolution of
these variables induced by Hj and the sd interaction is given
by [31]

ni*) + Re(GoE) (bt — b¥nl* F 26 ) 0y T)}, ®)

;
==Y {[Re(cg: “’M)(bz — bOnk,) + Re(Gg;“’M)(b + bonk,ﬂ( ) + Re(Gg;)—(<sk,> (s,f))}

[OE) b+ 0 Wkt b~ 0 1 <S> 1
+ oM — Z [Im(Gw: M)( 5 —b nk,) —Im(Gw'l:, M)(7 +b°n ,)] 5 X (Si) - 9)

K
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The constants in Eqgs. (8) and (9) depend only on the setting
of the Mn magnetization and are given by b* = (S+%) & b°,
b = (S1y/2, bl = (S1%), where S| =S - (S)/S, and (§*+°) =
($2 — 17y /2. We also set wy = Ex/h = hk?/2m*.

The function Gg¥, can be interpreted as a memory function
and has the form

.]2 NMn 0 : ’
Gor oy = T4 / i’ eion o
—t
~ Jszd NMn

78 (ww — wk), (10)

T
where in the last step we neglected the imaginary part and the
finite memory, i.e., we applied a Markov limit which is a good
approximation for not too large values of J2 and excitations
not too close to the band edge [38].

The spin-orbit Hamiltonians of Egs. (3) and (4) introduce,
to a first approximation, an additional k-dependent spin
precession. If the contribution of a single electron with wave
vector k to the spin-orbit Hamiltonian is written in the form

h oA
HSOZEQk'av (11)
then the mentioned spin precession is described by the
Heisenberg equation of motion of the mean value of the spin
operator introduced in Eq. (6),
0

5, (5K o Qi X (sk)- (12)

Note that while Qk is an operator, we introduced 2k as the
corresponding regular vector where K is interpreted simply as
a wave vector and not as an operator as in Egs. (3) and (4)
[see Fig. 1(b)]. In the present study we take into account the
influence of the spin-orbit interaction at this level, in order
to elucidate how this added k-dependent precession alters the
quantum spin dynamics in bulk and quasi-two-dimensional
DMSs.

III. BULK Zn;_,Mn,Se

In this section we present results for ultrafast spin dy-
namics in bulk semiconductors. For concreteness we focus
on Zn;_,Mn,Se which is currently one of the best studied
II-VI DMSs, and, as we will see, it can display an interesting
interplay between exchange and SOI. We first examine numeri-
cally and analytically the dephasing caused by the Dresselhaus
spin-orbit coupling and then we proceed to calculate and
analyze the full dynamics under the influence of both exchange
coupling and SOL.

A. Dresselhaus-induced dephasing

As mentioned in Sec. IT A, the spin-orbit interaction in the
envelope-function approximation plays the role of an effective
k-dependent magnetic field around which the electron spin
precesses. This spin precession in the case of an electron
gas leads to global spin dephasing and decay, which is at
the root of the D’yakonov-Perel spin-relaxation mechanism
[39]. As initial condition for the conduction-band electrons

PHYSICAL REVIEW B 91, 195201 (2015)

Electron-spin polarization

0.2

0.0 : . :
0 50 100 150 200

Time (ps)

FIG. 2. (Color online) Dephasing after isotropic Gaussian exci-
tation of the spin-up band (standard deviation A = 3 meV) without
exchange sd coupling in an effective Dresselhaus spin-orbit magnetic
field with prefactor yp, specified in ps~' nm?. Three of the curves
correspond to a Gaussian excitation centered at the band edge
(Ec =0), while the fourth, marked with (*), corresponds to a
displacement of the excitation to E- = 10 meV above the band edge.

we assume a Gaussian distribution caused by a pulsed optical
excitation, similar to the one illustrated in Fig. 1(a). For
the moment we consider a Gaussian distribution centered
at Ec =0 (the band edge) and later we will consider an
excitation centered at Ec = 10 meV, always with standard
deviation A = 3 meV. We assume that the optical excitation
populates only the spin-up conduction-band states thanks to
its appropriate circular polarization. In Fig. 2 we plot the
spin polarization, (s;)(t) = 2N, ! > k{sk.2) () (normalized to
1), of the initially spin-up electron population (the z axis
coincides with the main axis of the zinc blende lattice) in
the conduction band versus time for different values of the
Dresselhaus spin-orbit coupling constant yp.

The accepted standard value of yp/h = 13.3 ps~!nm?
is included [10], and two artificially high values (40 and
100 ps~'nm?) are added to explore the tendencies of the
decay behavior. We use for the conduction-band effective
mass of ZnSe the value m* = 0.134mg [40], where mg is
the bare electron mass. The expected dephasing and decay
mentioned above are clearly observed, with faster decay
obtained for increasing SOI coupling constant. Note that the
decay, however, is not exponential from the beginning, but
rather quadratic at short times. Another interesting feature is
that for an excitation 10 meV above the band edge the evolution
displays a nonmonotonic behavior. Below we shall indicate the
origin of this incipiently oscillatory behavior.

The long-time limit of the spin polarization seen in Fig. 2,
which corresponds to the equilibrium distribution caused by
the SOI effective field dephasing, is given by the value 1/3:

lim (s.)(1) =t (seq) = 5{s:)(t = 0). 13)

—>00

This equilibrium value can be understood analytically as

follows. The equation of motion for the spin under the SOI

effective magnetic field, % (sk)|so = Rk X (sk), can be cast in
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the matrix form %(sk) |so = M(sk), where

0 — Q¢ Q y
Mg = | Q. 0 —Qy |, (14)
—Quy Q x 0
and has the formal solution
(si) (1) = exp(Mk?) (s)(0). (15)

The Taylor expansion of the matrix exponential can be
simplified using that Mﬁ = —912( My and M} = —Qﬁ Mﬁ,
with Qi = |R2|. One obtains

2
exp(Mkt) = 1 + sin(2?) % +[1-— cos(th)]<%> .
k

Q
(16)
The diagonal elements of this matrix are given by
Q. Qi
exp(Mkt)|;; = 9—2’ + (1 - F) cos(Qt). 17
k k

Assuming that initially only the ith spin component is
nonzero, from Egs. (15) and (17) we obtain (sg;)(t) =
exp(Mikt)|;; {ski)(0). Thus, for large times #, this spin compo-
nent, averaged over the isotropically occupied k states, tends
to (s;) = Q,.z/ Q2 = 1/3 since the effective field is isotropic
(the overbar denotes the average over K states).

Note again that in Fig. 2 the curve corresponding to the
excitation above the band edge displays a nonmonotonic
behavior which is the precursor of an oscillation that can be
seen under stronger SOI. These oscillations will be observed
later in the quantum-well situation, and originate from the
cosine term in Eq. (17), appropriately averaged over the
occupied k states.

B. Interplay between exchange and Dresselhaus interactions

Having verified the dephasing caused by the k-dependent
Dresselhaus effective magnetic field, we now wish to study the
interplay between the exchange sd (sd) and Dresselhaus (D)
couplings. The material parameters of Zn;_,Mn, Se related
to the Mn doping used in our simulations are as follows.
The exchange coupling constant of Zn;_,Mn,Se is Noo =
260 meV [41], where Ny is the number of unit cells per unit
volume, and o = Jy in our notation. The lattice constant of
ZnSe is 0.569 nm, the volume of the primitive unit cell is
0.0455 nm?; thus Ny = 22 nm~3, and then Jq ~ 12 meV nm>.
We assume a relatively low percentage of Mn doping of 0.3%
which gives a Mn density of 6.6 x 1072 nm~>. The density of
photoexcited electrons is assumed to be 5 x 1075 nm=3, i.e.,
three orders of magnitude lower than the Mn density.

We first consider a Gaussian distribution for the conduction-
band electrons centered at the band edge, and take an average
Mn magnetization of S = 0.5. The Mn magnetization can
be simply tuned by applying an external magnetic field in
the desired direction and waiting for the Mn spin to reach
its thermal equilibrium. Thus, we envision an experiment
where the magnetic field is turned off before the pump
laser pulse arrives. Note that the Mn spin-lattice relaxation
time is of the order of 0.1 us [42], which suffices to carry
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FIG. 3. (Color online) Influence of the Dresselhaus spin-orbit
coupling (D) on the spin dynamics in bulk Zn;_,Mn,Se with ex-
change sd coupling (sd) for an initially Gaussian electron occupation
centered at the band edge with standard deviation A = 3 meV and
initial spin polarization rotated 45° with respect to the z axis. The Mn
concentration is xy, = 0.3% and the net Mn magnetization S = 0.5.
Red solid lines correspond to the full calculation (sd + D) and green
dotted lines to the calculation leaving out the Dresselhaus coupling
(only sd).

out the ensuing optical excitation experiment studied here
under almost constant Mn magnetization. Figure 3 shows
the time evolution of the parallel, (s,)(¢), and perpendicular,
I(sT) ()] = 2N X, (si)(#)], mean spin components. From
now on we use only the realistic value yp/h = 13.3 ps~! nm?
for the Dresselhaus constant and for concreteness we take
the initial spin polarization rotated 45° with respect to the
z axis. The specific choice for this angle is not very relevant,
but it is important to set it to a value different from zero
in order to have spin precession about the Mn field. Since the
Dresselhaus Hamiltonian is cubic in the wave vector, we expect
it to have a relatively weak effect, as compared to the exchange
coupling, on electrons populating low-energy states around
the band edge, and Fig. 3 confirms this expectation. Indeed,
we see that for the parallel spin component the presence
of the Dresselhaus coupling does not modify the dynamics
noticeably [the red solid line (sd + D) and the green dots (only
sd) are superimposed]. For the perpendicular components
there is a noticeable difference, but the two curves are still
qualitatively similar. We have checked that if the Mn concen-
tration and/or the Mn magnetization are increased the effect
of the spin-orbit coupling becomes rapidly negligible also
for the perpendicular spin component. Roughly speaking, the
exchange sd coupling can be thought of as causing two main
effects: a spin precession about the mean Mn magnetization
and spin transfer between conduction-band and Mn electrons.
On the other hand, as seen above, the Dresselhaus spin-orbit
Hamiltonian, by providing a k-dependent effective magnetic
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FIG. 4. (Color online) Influence of the Dresselhaus spin-orbit
coupling (D) on the spin dynamics in bulk Zn,_,Mn,Se with ex-
change sd coupling (sd) for an initially Gaussian electron occupation
centered at Ec = 10 meV above the band edge with standard
deviation A =3 meV and initial spin polarization rotated 45° with
respect to the z axis. The Mn concentration is xy, = 0.3% and the
net Mn magnetization S = 0.1. Red solid lines, full calculation with
sd 4+ D interactions; green long-dashed lines, only sd; blue short-
dashed line: only D; pink dotted lines, mean-field approximation
with sd 4+ D.

field, induces a global dephasing in the electron population.
The decay seen in both spin components in Fig. 3 is thus a
result of both exchange-induced spin transfer and spin-orbit
dephasing, but the former dominates the dynamics for the
chosen set of parameters.

This raises the question of whether a parameter regime
can be reached experimentally in which the dephasing caused
by the spin-orbit effective field has a considerable influence
on or even dominates the spin dynamics. As mentioned
above, shifting the optical excitation away from the band
edge to higher k values should enhance the effect of the
SOI on the spin dynamics. Furthermore, the influence of
the exchange sd coupling can be reduced by lowering both
the Mn concentration and/or the average Mn magnetization.
Thus, in Fig. 4 we show the time evolution of the parallel
and perpendicular spin components as in Fig. 3, but centering
the Gaussian occupation 10 meV above the band edge and
reducing the Mn magnetization to S = 0.1. The Mn doping
is kept at xy, = 0.3% as before, and for the conduction-band
electrons we choose again an initial spin orientation rotated 45°
away from the z axis. In the parallel spin component there is
now a noticeable difference between the full calculation (sd +
D) (red solid line) and the sd-only case (green long-dashed
line). A qualitatively new feature is that the combination of
sd and Dresselhaus couplings now produces not only a decay
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but also oscillations, revealing a combined spin precession.
In the perpendicular component the spin-orbit coupling has
now an enormous effect, greatly accelerating the decay and
causing superimposed oscillations. The oscillations seen in
Fig. 4 have a frequency close to the precession frequency
associated with the mean Mn magnetic field (wy = wmZ),
wm = 0.124 Thz (period Ty = 50.7 ps). We come back to this
issue after discussing the mean-field approximation which we
now introduce.

It is interesting to elucidate whether a similar spin dynamics
would also be obtained in a simpler scenario combining the
Dresselhaus SOI with a constant magnetic field of appropriate
strength. (This type of problem has been studied recently
from the point of view of impurity entanglement [43] and
spin relaxation [44].) We can readily answer this question by
intentionally leaving the correlation terms out of the equations
of motion [keeping in the right-hand side of Eq. (9) only the
first term of the second line] thus reverting to a mean-field ap-
proximation, which for a given Mn magnetization is equivalent
to adding a constant magnetic field. The result is given by the
pink dotted lines in Fig. 4. For the perpendicular component
we see that the mean-field calculation resembles the full one,
although there is a clearly distinguishable difference between
them. On the other hand, both results are far away from the
sd-only result, and we have to conclude that in this sense
the mean-field approximation does capture an important part
of the interplay between the exchange and spin-orbit couplings.
For the parallel component the mean-field approximation
radically modifies the dynamics. We see here that when the
sd correlations are removed the spin-orbit dephasing is not
capable by itself of inducing a decay in the presence of the spin
precession about the Mn magnetization. In other words, the
longitudinal component does not decay since its Dresselhaus
dephasing is in a sense prevented by the “naked” (without
exchange-induced correlations) precession about the Mn
magnetization. To confirm this point we show in Fig. 4 the spin
dynamics with only the Dresselhaus SOI (no sd coupling) with
blue dotted lines. These curves show the strong decay induced
by spin-orbit dephasing in the absence of both the spin preces-
sion and the spin transfer caused by the exchange coupling.

The origin and frequency of the oscillations mentioned
above, which appear when both interactions are present, and
in both the full and mean-field calculations, can be interpreted
with the help of Eq. (17). For a given Kk state the precession
frequency is now Q2 = Qg + wmz. In the limit wy > Qk we
can assume that Q, ~ Q =~ wy;, and using Egs. (15) and
(17) we obtain (s,)(t) = (s,)(0). This argument applies to
every k state and thus can be extended to the whole electron
population. Then, the precession about the spin-orbit effective
magnetic field of the longitudinal component is suppressed
by the dominant precession about the Mn magnetic field, a
feature that can be seen clearly in the mean-field result of
Fig. 4. If the spin-orbit angular frequency is not completely
neglected we obtain oscillations in the parallel component
with frequency |Qk + @y | and small amplitude proportional
to 1 — (Q.. + wm)?/|Q% + wm|?, as seen in Fig. 4. We have
verified that increasing the Dresselhaus coupling increases the
amplitude of the oscillations (not shown here). Oscillations of
the same frequency are also present in the perpendicular spin
component.
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IV. Hg, Mn, Cd,Te QUANTUM WELLS

—x-y

We now turn to the study of the influence of the spin-
orbit coupling in II-VI semiconductor quantum wells. In this
case the SOI that we consider is the Rashba coupling (R),
which is present when the quantum-well confinement lacks
inversion symmetry. As explained in the Introduction, the role
of the spin-orbit coupling is conceptually similar in bulk and
in quantum wells, since in both cases it can be thought of
as a k-dependent Zeeman Hamiltonian which induces global
dephasing in an electron gas. However, quantum wells offer
greater flexibility to control the SOI and also display high
electron mobilities in high-quality modulation-doped samples.
High mobilities amount to longer momentum-scattering times
and therefore to more coherent quantum dynamics.

In line with the bulk studies discussed above, we first
tested the spin dynamics in Zn;_,Mn,Se quantum wells.
For realistic parameters for this material, it turned out that
the Rashba coupling was too weak to modify the dynamics
driven by the exchange sd coupling. The root of this difficulty
seems to be the large band gap (about 2.8 eV) of ZnSe,
which results in a small Rashba coupling constant. Thus
for the quantum-well calculations we looked for a family
of materials with stronger and more controllable Rashba
interaction. Hg,_ Mn,Te is a good candidate since the energy
gap E, of this ternary compound depends strongly on the
Mn concentration [45], going to zero at x < 6.5%, while its
spin-orbit valence-band splitting A is insensitive to it [46]. This
interesting combination leads to flexible spin-orbit properties,
which are generally controlled by the ratio A / E,. By choosing
a Mn concentration slightly above 6.5% we can select a very
low energy gap, which leads in turn to a strong Rashba coupling
[47]. However, this lower limit for the Mn concentration is still
too high and leads again to a completely dominant exchange
interaction even for as low a Mn magnetization as § = 0.01
(with sd-coupling-induced spin relaxation times below 5 ps).
This drawback can be overcome by considering instead the
compound Hg,_,_ ,Mn,Cd,Te in which the nonmagnetic Cd
atoms replace some of the Mn dopants. This change maintains
the gap tunability via the doping fraction x + y giving full
flexibility regarding the concentration of magnetic ions [46].
The Rashba coupling constant can be calculated with the
expression [16,47]

R A 2E, + A Vaw
C 2m* E, (Eg + A)BE, +2A) d

aR (18)

We work with the effective mass of HgTe m* = 0.093 m
[40], and take the spin-orbit valence-band splitting as
A =1.08¢V [48]. Assuming E, = 300 meV, a quantum-
well width d =200 A, and a potential energy drop of
Vgw =50 meV across the quantum well, we obtain ar =
4.87 meVnm (ag/h = 7.4 ps~'nm). Note that for ZnSe one
obtains ag = 0.015 meV nm (ar /A = 0.023 ps’1 nm), a very
low value which leads to negligible spin-orbit effects, as
mentioned before. For the exchange sd coupling constant
of HgMnTe we take Noo = 400 meV [49], and the lattice
constant of 0.645 nm leads to Jq = 26.8 meV nm>. We keep
the previous Mn concentration of x = 0.3%.

In Fig. 5 we show the time evolution of the parallel and
perpendicular spin components for quantum wells, where now
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FIG. 5. (Color online) Influence of the Rashba spin-orbit cou-
pling (R) on the spin dynamics in a Hg,_,_,Mn,Cd,Te quantum
well with exchange sd coupling (sd) for an initially Gaussian electron
occupation centered 10 meV above the band edge with standard
deviation of 3 meV and initial spin polarization rotated 45° with
respect to the z axis. The Mn concentration is xy, = 0.3% and the
net Mn magnetization S = 0.1. Red solid lines, full calculation with
sd 4+ R; green long-dashed lines, only sd; blue short-dashed lines,
only R; pink dotted lines, mean-field approximation with sd 4+ R.

the parallel component corresponds to the growth direction
of the quantum well (z axis). The Gaussian occupation is
centered 10 meV above the band edge and we consider a
Mn magnetization of S = 0.1. The initial spin orientation is
rotated 45° away from the z axis.

Figure 5 shows that while the sd-only curve (green long-
dashed line) follows the usual exponential decay, the full
dynamics with sd + R displays clear oscillations in both
components. We have verified that the amplitude of these
oscillations increases with increasing Rashba coefficient,
which in turn is obtained by lowering the energy gap. The
pink dotted lines in Fig. 5 show the mean-field approximation
results with both sd and R interactions. Here the decay seen
in the perpendicular component is due to the Rashba-induced
dephasing since exchange correlations are absent. The parallel
component maintains an approximately constant mean value
in agreement with the analysis done in the previous section,
and shows a slight decrease of the oscillation amplitude due
to the dephasing induced by the Rashba SOI. We verified
that this amplitude reduction is accelerated by increasing the
Rashba coupling constant. The blue short-dashed lines show
the evolution of the spin with only the Rashba interaction
present (no sd). Here we see the full-fledged oscillations
that had been anticipated in the discussion of Fig. 2. These
oscillations are the collective result of the individual spin
precessions about the effective k-dependent Rashba magnetic
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field. There appears to be no analytical expression or simple
interpretation for the frequency of these oscillations at present.
This frequency depends on many factors such as the Rashba
coefficient, the electron density, and the electronic distribution
(which in our simulations is determined by the mean value
and the standard deviation of the initial Gaussian population).
We have checked numerically that there is a roughly linear
dependence of this frequency on the Rashba coefficient for an
excitation 10 meV above the band edge.

It is unexpected and noteworthy that, in the quantum-well
case, the addition of the spin-orbit interaction to the DMS
produces strong oscillations while at the same time leaves
fairly unchanged the decay rate for our parameters, as can be
seen in Fig. 5 (“only sd” versus “sd + R” curves). Finally,
we point out that the main qualitative difference between the
results shown in Fig. 4 for bulk and Fig. 5 for a quantum well is
that, for the perpendicular spin component in the quantum well,
the sd-only curve stays near the full result and the mean-field
curve moves strongly away, while the opposite behavior occurs
in bulk.

V. CONCLUSION

We studied theoretically the combined effects of the
exchange sd coupling and the spin-orbit interaction in II-
VI diluted magnetic semiconductors, both in bulk and in
quantum wells. Although our results can be considered
generally valid in zinc blende semiconductor systems, we
focused on particular materials that show clearly the interplay
between the two mechanisms: Zn;_,Mn,Se for bulk and
Hg,_,_,Mn,Cd,Te for quantum wells. In our calculations we
employed a recently developed formalism which incorporates
electronic correlations originating from the exchange sd
coupling. The main conclusion of our study is that for both
bulk and quasi-two-dimensional systems there can be a strong
interplay or competition between the two types of interaction,
leading to experimentally detectable signatures (for example
in time-resolved Faraday and Kerr rotation experiments) of
the spin-orbit interaction in DMSs. In bulk we find that the
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spin components parallel and perpendicular to the net Mn
magnetization have rather different responses to the presence
of the spin-orbit (Dresselhaus) interaction, the latter being
much more affected by it. Indeed, coherent oscillations—with
a frequency reflecting the precession around a combination of
the Mn magnetization and the Dresselhaus field—develop as
a consequence of the interplay between the two interactions,
which are completely absent when the exchange interaction
dominates. In addition, the decay rate is greatly enhanced
for the perpendicular component by the presence of the
Dresselhaus interaction in the studied regime. Regarding
quantum wells, we find that the exchange interaction tends
to be more dominant over the spin-orbit interaction (Rashba
coupling in this case), which led us to consider a family of
materials with large valence-band-splitting spin-orbit constant
and tunable energy gap. For these DMS materials we obtained
again a strong effect of the spin-orbit interaction, manifesting
itself in the occurrence of oscillations which are not seen
when the exchange interaction acts alone. Remarkably, even
though the combination of exchange and spin-orbit interaction
leads to clearly visible oscillations, the decay of the spin
polarization is practically unaffected by the presence of the
Rashba interaction. These signatures should be detectable
experimentally in pump-and-probe experiments. Finally, for
both bulk and quantum wells we find that in the mean-field
approximation treatment of the exchange interaction there is
a strong suppression of the spin-orbit-induced dephasing of
the spin component parallel to the Mn magnetic field. The
studied interplay between the spin-orbit interaction and the
exchange coupling could improve spin control and thereby
facilitate potential spintronic applications of DMSs.
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Abstract. We study theoretically the ultrafast spin dynamics of II-VI diluted magnetic
quantum wells in the presence of spin-orbit interaction. We extend a recent study where it
was shown that the spin-orbit interaction and the exchange sd coupling in bulk and quantum
wells can compete resulting in qualitatively new dynamics when they act simultaneously.
We concentrate on Hgi_,—yMn,;Cd,Te quantum wells, which have a highly tunable Rashba
spin-orbit coupling. Our calculations use a recently developed formalism which incorporates
electronic correlations originating from the exchange sd-coupling. We find that the dependence
of electronic spin oscillations on the excess energy changes qualitatively depending on whether
or not the spin-orbit interaction dominates or is of comparable strength with the sd interaction.

Ultrafast spin dynamics in semiconductors is attracting nowadays a great deal of attention.
In a recent article we explored the interplay between the exchange sd interaction (EXI) and the
spin-orbit interaction (SOI) in II-VI diluted magnetic semiconductors (DMS) [1]. In that study
we found that the EXI and the SOI can be tuned to overrun each other or to compete on an
equal level in realistic bulk and quantum well systems. Importantly, we found that the inclusion
of the SOI introduces oscillations in the spin dynamics which are completely absent when only
the EXI is relevant. In the present article, we characterize systematically the decay and the
periods of oscillations seen in the spin dynamics in quantum wells, as functions of the excess
energy of the electron population in the conduction band (mean energy of a Gaussian occupation
of spin-polarized photoexcited electrons). We employ a microscopic density-matrix theory that
models on a quantum-kinetic level the spin dynamics, taking into account the exchange-induced
correlations and the localized character of the Mn spins [2, 3]. For the sake of brevity we shall
only sketch the model here and refer the reader to Refs. [1] and [3] for a complete description.

We consider conduction band electrons in Mn-doped II-VI DMS coming from low-intensity
optical excitations. We work in the regime of electron densities n, much lower than the Mn
density nym, in which the Mn spin variables are nearly stationary [3, 4, 5, 6]. The spin dynamics

is described by (si)(t) and <sl|(>(t), the mean electronic spin components, perpendicular and
parallel to the Mn magnetization, respectively, corresponding to the conduction-band state k.
In this study we concentrate on Hgi_;_,Mn,Cd,Te quantum wells, since this alloy offers
great flexibility in the control of the Rashba SOI. This control is achieved thanks to the
strong dependence of the band gap on the doping fraction = + y [7]. With this material,
Rashba coefficients of the order of ap ~ 10ps 'nm can be obtained for realistic quantum
well specifications [1]. Throughout the paper we shall assume the Mn magnetization to be
perpendicular to the quantum well. Furthermore, we take a Gaussian electron occupation
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BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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Figure 1. Electron spin dynamics in a Hg;_,_,Mn,Cd,Te quantum well with Rashba
interaction and no exchange sd coupling for a Gaussian electron distribution centered at FE..
Lines: simulations for different values of g expressed in units of ps~'nm. Red dots: simple fits
to the first oscillation of the curves with ag = 4ps~'nm (see text for details).

centered at an energy FE. above the conduction-band edge with a standard deviation of
FEs = 3 meV and initial spin-polarization rotated 30° with respect to the Mn magnetization.

It is instructive to examine first the spin dynamics resulting only from the Rashba spin-orbit
interaction (i.e., no exchange sd coupling is accounted for). In this case the Mn magnetization
does not enter the dynamics. For later comparison we used, however, the above described
initial condition where the direction of the initial electronic spin is related to direction of the
Mn magnetization. Figure 1 shows the time evolution of the summed parallel spin component,
(sh(t) = Zk<sl>(t), for three different values of the Rashba coupling constant ar. The cases
E. = 0 (Gaussian occupation centered at the band edge) and E. = 8 meV are shown. We see
that the Rashba interaction produces well-defined oscillations and decay. Note that without the
EXI, the time evolution of the total spin is given by coherent precessions of individual electron
spins around the k-dependent magnetic Rashba field, which are collectively responsible for the
decay. Red dots in both panels of Fig. 1 are fits to the initial oscillations of the ag = 4 ps~'nm
evolutions, done with a function f(t) oc exp[—(t/7)?| cos (27t/T). For a Gaussian electron
distribution with spins pointing in the growth direction, we find from Eq. (17) of Ref. [1]:

00 212 _ 9um* 2
<3”(t)> = C/o dk k exp [— (h kEQm*QESﬂEC)

where m* is the effective mass and C' is a constant determined by the initial value of the total
spin. The integral in Eq. (1) is close to the (half-sided) Fourier transform of a function with
a single central peak indicating in time regime a damped oscillation with roughly the peak
frequency. An initially exponential decay of (sl(t)) would require a Lorentzian decay in the
energy domain. However, the function in Eq. (1) decays much faster for large k explaining
why the initial behavior of (sll(#)) is much better approximated by a Gaussian than by an
exponential. Indeed, Fig. 1 reveals that the Gaussian fit is almost perfect at early times but
worsens somewhat later. Applying the Gaussian fit to a number of different cases we find
that for given FE,. both 7 agl and T oz;zl hold to a very good approximation. A similar
behavior is observed for |(s1)(t)| = | Y., (si-)(¢)], whose initial evolution can be well fitted with

cos(2apkt), (1)
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Figure 2. Gaussian electron spin relaxation
time, 7, and period of the oscillations, T,
in a Hgy_;—yMn,Cd,Te quantum well with
Rashba interaction agp = 4ps~'nm and no
exchange sd coupling as a function of the
excess energy FE.. Symbols: full calculation;
lines: parabolic fit.

Figure 3. (sll(t)) with exchange sd and no
Rashba interaction. zym = 0.3%, S = 0.1,
E. = 0 (red line), 4meV (green circles),
8 meV (blue squares). Inset: E. =0, S = 0.1,
various ypn: 0.1% (red), 0.2% (green), 0.3%
(blue), 0.4% (magenta), 0.5% (cyan).

f(t) oc exp [~ (t/7)?] cos (2nt/T) + 1, with the same values of 7 and T as for (sl)(t). We found
that 7 and T can be precisely fitted as functions of F,. with parabolas, as seen in Fig. 2. The
decrease of T and the increase of 7 with rising E. reflect the fact that the effective Rashba field
is k dependent becoming stronger for larger k.

Let us now look at the spin dynamics under the influence of the EXI only (no Rashba SOI).
For the EXI coupling constant we take the value Jyq = 26.8meVnm? [1]. The effects of the
EXI on the carrier spins can be controlled via the Mn concentration, xym, and the initial net
Mn magnetization, S = |(S)| [1]. The dynamics of the electron spin component parallel to the
Mn magnetization is shown in Fig. 3. As found previously, it is approximately described by an
exponential decay to an in general non-zero equilibrium value with a decay time [cf. Eq.(19)

of Ref. [3]] 7l = (72 npmm*/h2d)(S? — SH2>, where d is the width of the quantum well and

(82 -8 ”2> is a second moment of the spin—% Mn system. In particular, 7!l is linear in zym and
independent of the excess energy E.. Note that no oscillations appear in the time evolution of
the parallel spin component when only the EXI is present. The perpendicular component decays
to zero with a slightly different rate while it precesses around the Mn magnetization [3].

We now come to the combined effects of the Rashba SOI and EXI. Figure 4 shows the spin
dynamics for zym = 0.3%, S = 0.1, ap ~ 4ps~'nm, and three different values of E,. Note the
semilog scale chosen to better visualize the long time behavior. This set of parameters defines
a “strong sd” and “weak Rashba” situation. Accordingly, the initial decay is exponential (not
Gaussian like in Fig. 1), with an E.-independent decay rate, like in Fig. 3. However, at later times
fairly regular oscillations appear, with essentially constant, F.-dependent amplitude, due to the
presence of the Rashba interaction. We note that the frequency of the oscillations depends only
slightly on E., becoming higher for higher F., which indicates a slight dependence on the Rashba
mechanism. The frequency of the oscillations (period of about 35 ps) is close to the precession
frequency about the net Mn magnetic field, which is independent of E.. The oscillations do not
decay because all electrons precess with nearly the same frequency governed mainly by the Mn
magnetization and thus do not dephase. The fact that the amplitude of the oscillations does not
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Figure 5. Evolution of the mean perpen-
dicular electron spin component under ex-
change sd and Rashba interactions. Parame-
ters: ap = 16ps~'nm, E, = 8meV, S = 0.1,
and three values of xy,.

Figure 4. Evolution of the mean parallel
electron spin under exchange sd and Rashba
interactions. Parameters: xyn, = 0.3%, S =
0.1, ap ~ 4ps~'nm, and three values of E,.

decay with time and the near independence of the period on E. distinguish qualitatively these
oscillations from the ones observed with Rashba coupling alone. Also note that again there is a
saturation value different from zero as seen above in the sd-only case. However, a new feature
produced by the presence of the Rashba interactions is that the perpendicular spin component
does not go to zero as in the sd-only evolution (not shown for brevity).

Finally, Fig. 5 shows the time evolution of the mean perpendicular spin component under
EXI and SOI for fixed Rashba constant agp = 16 ps~'nm, E, = 8 meV, and three different values
of xym. This figure shows the effect of an increasing EXI coupling in the presence of a strong
Rashba coupling on the perpendicular spin component. We see that as the Mn concentration
increases, starting from a Rashba-only situation in which the equilibrium value (sf(-> is half its
initial value [1], a decay to zero sets in. At the same time, the frequency of the oscillations
increases and their amplitude goes down.

In conclusion, we have studied theoretically the effects of the Rashba spin-orbit interaction in
II-VI diluted-magnetic-semiconductor quantum wells. We characterized the dependence of the
spin dynamics on the excess energy of a Gaussian population of electrons in the conduction band.
Our findings provide qualitative signatures that could aid experimentalists in distinguishing the
relative importance of spin-orbit and exchange interactions in DMS quantum wells.

We gratefully acknowledge the financial support of the Deutsche Forschungsgemeinschaft
(grant No. AX17/9-1), the Universidad de Buenos Aires (UBACyT 2011-2014 No.
20020100100741), and CONICET (PIP 11220110100091).
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Carrier-impurity spin transfer dynamics in paramagnetic II-VI diluted magnetic semiconductors
in the presence of a wave-vector-dependent magnetic field
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Quantum kinetic equations of motion for carrier and impurity spins in paramagnetic II-VI diluted magnetic
semiconductors in a k-dependent effective magnetic field are derived, where the carrier-impurity correlations
are taken into account. In the Markov limit, rates for the electron-impurity spin transfer can be derived for
electron spins parallel and perpendicular to the impurity spins corresponding to measurable decay rates in Kerr
experiments in Faraday and Voigt geometry. Our rigorous microscopic quantum Kinetic treatment automatically
accounts for the fact that, in an individual spin flip-flop scattering process, a spin flip of an electron is necessarily
accompanied by a flop of an impurity spin in the opposite direction and the corresponding change of the impurity
Zeeman energy influences the final energy of the electron after the scattering event. This shift in the electron
energies after a spin flip-flop scattering process, which usually has been overlooked in the literature, turns out to
be especially important in the case of extremely diluted magnetic semiconductors in an external magnetic field.
As a specific example for a k-dependent effective magnetic field the effects of a Rashba field on the dynamics of
the carrier-impurity correlations in a Hg,_,_,Cd,Mn, Te quantum well are described. It is found that, although
accounting for the Rashba interaction in the dynamics of the correlations leads to a modified k-space dynamics,
the time evolution of the total carrier spin is not significantly influenced. Furthermore, a connection between the

present theory and the description of collective carrier-impurity precession modes is presented.

DOI: 10.1103/PhysRevB.93.205201

I. INTRODUCTION

Diluted magnetic semiconductors (DMSs) have attracted a
great deal of interest [1-11] as their highly tunable magnetic
properties are ideally suited for adding spintronic function-
alities to otherwise well-established semiconductor technolo-
gies [12—14]. Particularly promising for future technological
applications is the fact that some DMSs, such as Ga;_,Mn, As,
exhibit a ferromagnetic phase [2,15]. The convenient optical
properties also allow, e.g., for the optical switching of the
magnetization [16] in Ga;_,Mn, As. While a comprehensive
unified theoretical description of the magnetism in DMS is
still missing, it is generally accepted that a carrier-mediated
impurity-impurity spin interaction plays a key role [1,17].
Thus, it is crucial to understand the spin physics not only
of the magnetic impurities, but also of the carriers as well
as the details of the spin transfer between carriers and
impurities.

Experimentally, the carrier spins in DMSs are often
investigated optically using time-resolved magneto-optical
Kerr effect (MOKE) measurements [3,10,18], a pump-probe
technique that makes it possible to extract the carrier spin
dynamics with a temporal resolution of ~100 fs. The experi-
mentally obtained carrier spin dephasing and relaxation rates,
which also include the effects of the spin transfer between
carriers and impurities, can then be used as an input for,
e.g., the theoretical description of spin-wave excitations in
ferromagnetic DMSs [8].

However, a quantitative theoretical explanation for the
values of the carrier spin relaxation rates measured in
MOKE experiments, even in the simplest possible case of
conduction-band electrons in an intrinsic II-VI DMS, has
yet to be found. For example, even such basic quantities

2469-9950/2016/93(20)/205201(16)
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as the magnetic field dependence of the spin transfer rate
between the carrier and impurity systems in paramagnetic
DMSs is still not satisfactorily explained [3]. This is, on the one
hand, due to the large number of factors that simultaneously
play a role in DMSs, like the spin-dependent s-d interaction
between magnetic impurities and carriers, spin dephasing due
to spin-orbit coupling mechanisms [19-21], carrier-carrier
interaction [22], and disorder effects [23]. On the other hand,
even the typically dominant s-d interaction is usually treated
only on the level of the mean-field approximation [24-26],
neglecting the effects of carrier-impurity correlations, which
can be important [8,27,28]. The spin transfer between carriers
and impurities is commonly described by rate equations
where the rates are calculated using Fermi’s “golden rule”
[25,26,29-31].

One problem of this approach is that it is a priori not
clear under which circumstances the perturbative scheme,
which is implicit in the derivation of Fermi’s golden rule,
is applicable. For example, at the band edge, where the band
energies, described by the Hamiltonian H, of an undoped
semiconductor, are negligible, the s-d interaction cannot be
thought of as a small perturbation to Hy. A second deficiency of
the golden-rule treatment is that it gives, by construction, only
the transition rate between energy eigenstates of the system.
However, optical orientation also allows for an injection of
carrier spins perpendicular to an external magnetic field (Voigt
geometry) or the impurity magnetization, respectively [10],
which corresponds to the excitation of superpositions of energy
eigenstates. Thus, the relaxation rate of the transverse carrier
spin component is not provided by Fermi’s golden rule.

A more elaborate treatment of the s-d exchange interaction,
which is also capable of deriving a rate for the spin transfer
of the perpendicular electron-spin component, was given

©2016 American Physical Society
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by Semenov in a study based on a projection operator
method [32]. Another notable approach to the spin dynamics
in DMS has been provided by the group of Wu [22], which
has developed the kinetic spin Bloch equations (KSBEs)
that account not only for rates for the spin transfer due
to the s-d exchange interaction, but also for a number
of other effects, such as carrier-carrier and carrier-phonon
interaction.

In the present paper, we describe the electron-spin dynamics
in the conduction band, where we focus on paramagnetic
intrinsic II-VI DMSs. We work with a quantum kinetic theory
starting from the s-d exchange Hamiltonian H;;, where a
correlation expansion scheme was used to formulate equations
of motion for the carrier and impurity density matrices as
well as the carrier-impurity correlation functions [33]. This
approach allows a nonperturbative description of far-from-
equilibrium situations. The golden-rule rate equations can be
deduced from the quantum kinetic theory as a Markovian
limit [34,35]. In the same limit, also the rates for the carrier
spin component perpendicular to the impurity magnetization
can be derived [36]. Furthermore, the applicability of the
Markovian limit and therewith the golden-rule rate equations
can be checked by direct comparison of the full quantum
kinetic theory with its Markovian limit [36]. It was found
that for an agreement between the quantum kinetic and
the Markovian predictions, it is essential to account for a
precessionlike motion of the carrier-impurity correlations.
Therefore, effective equations which capture the essential
features of the full quantum kinetic equations that also include
the correlation dynamics were called precession of electron
spins and correlations (PESCs) equations [37].

For vanishing external magnetic field and impurity mag-
netization, all of the above theories contain the same rate
equations that can also be found with Fermi’s golden rule
as a special case. In contrast, in the presence of an external
magnetic field which leads to a finite impurity magnetization
in the equilibrium of a paramagnetic DMS, the predictions
of the different theories deviate from each other. In order to
compare these theories, we extend the quantum kinetic theory
of Ref. [33] to take into account the Zeeman interaction of
carriers and impurities in a magnetic field.

We also allow for a k dependence of an effective magnetic
field, which makes it possible to discuss the effects of
Dresselhaus [20] or Rashba [19] spin-orbit coupling or a
k-dependent g factor on the spin dynamics in DMSs. In
contrast to previous treatments [21] where the PESC equations
were extended by adding a k-dependent precession term to
the time evolution of the carrier spins, in the present paper
the k-dependent effective magnetic field is incorporated on
a microscopic quantum kinetic level which also leads to a
modification of the equations of motion for the carrier-impurity
correlations. Another point of view is that, while the approach
of Ref. [21] accounts for the k-dependent field between
carrier-impurity spin-flip scattering events, in the present
theory the effective magnetic field also acts during the spin-flip
scattering. Formally this situation is similar to that of, e.g., the
intracollisional field effect [38], where the effects of an external
field that acts during a scattering event (phonon-emission in the
case of Ref. [38]) can indeed change the optical and transport
properties qualitatively.

PHYSICAL REVIEW B 93, 205201 (2016)

Furthermore, here we account for the fact that the impurity
spin is a z-dependent (growth direction of the quantum
well) dynamical variable which can change over time. This
connects the present theory to the description of collective
carrier-impurity precession modes [11,39,40].

The paper is outlined as follows: First, we derive the Markov
limit of quantum kinetic equations accounting for the s-d
interaction, a possibly k-dependent effective magnetic field
and the z dependence of the carrier envelope function. Then,
we present results for the magnetic field dependence of the
carrier-impurity spin transfer rates and compare it with the
results predicted by several other theories. Next, we answer
the question to what extent spin-orbit couplings that lead to a
k-dependent effective magnetic field influence the spin transfer
dynamics, in particular with respect to the dynamics of the
carrier-impurity correlations. Finally, we show how the theory
of the present paper can be related to the theory employed
in the discussion of collective carrier-impurity precession
modes [39].

II. THEORY
A. DMS Hamiltonian

The Hamiltonian for electrons and impurities in DMS can
be modelled by

H = Hy+ HS + HY" + Hy, (1

where H, describes the conduction band of a semiconductor
crystal and can be written as

Ho=3"3 horclycio + 3 3 i - So0rcly . ()
k o

k o,0'

cIm and ¢k, are the creation and annihilation operators for

electrons with wave vector k in the spin subband o € {1, }.
wk describes the diagonal, i.e., the spin independent, part of
H, while 2y is the k-dependent effective magnetic field, e.g.,
due to spin-orbit interactions. The electron-spin matrix vector
Sgo! = %60(,/ is proportional to the vector of Pauli matrices
oot

HS and H)™ are the Zeeman energies for carriers and
impurities, respectively:

HE =" 8e001sB - S50l i, 3
koo’
Hé\lﬂ = ZgMnﬂBB . Snn/PnIn” 4
Inn'

where g, and gy, are the electron and impurity g factors
and B is the externally applied magnetic field. In general,
g. may depend on the electron wave vector which, e.g.,
gives rise to the imhomogeneous-g-factor spin dephasing
mechanism [41,42] which is essential for the description of
the magnetic field dependence of the spin decay time in
nonmagnetic semiconductors [43]. S, are the spin matrices

"Here, we use the convention that the factor i which appears in
the spin matrices in the SI system is instead included in ppg and Jsg,
respectively.
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for the 1mpur1tles with, in the case of manganese, S = 3, so
that n,n" € {—3, — 3 ..,2} The impurity spin is descrlbed
by the operator PI, = |I,n){I,n’| where |I,n) is the nth spin

2’
nn
state of the /th impurity ion.
The most important part of the Hamiltonian for the spin
dynamics in DMSs is the s-d exchange interaction which, in

real space, has the form

Hyy = Jgq Z (Snn' pnln’)

/
Lnn',
i,o 0

oo UL )Y (t)SR; — 1), (5)

where R; and r; are the position vectors of the /th impurity and
ith electron and 1/fj; (r;) as well as ¥, (r;) are the corresponding
real-space field operators for the electrons. Since most experi-
ments on DMSs are performed on two-dimensional structures,
we choose a single-particle basis comprised of product states
of a z-dependent envelope, where z is defined to point along
the growth direction, and an in-plane part described by plane
waves. When restricting to the lowest confined state of the
envelope function ¥ (z), we can formulate the effective s-d
Hamiltonian for the in-plane part as

|
Hsd - _th//(ZIN Snn SUU,C]T((TCk’ ’PI ik k)RI’ (6)

where V is the volume of the sample, d is the quantum well
width, Z; is the z component of the /th impurity position
vector, and Ru is the in-plane part of the position vector of the
I'th impurity. Assuming infinitely high barriers, the envelope

is given by
¥(z) = \/jcos (Zz) @)

for z € [—5, 5] and zero otherwise. Thus, due to the factor
[¥(Z;)|?, magnetic impurities at the border of the quantum
well couple much more weakly to the electrons than impurities

at the center of the well.

B. Quantum kinetic equations of motion

In Ref. [33], a set of quantum kinetic equations of motion
based on a correlation expansion scheme has been developed
for the carrier and impurity density matrix as well as the
carrier-impurity correlations in the case of zero external and
effective-spin-orbit magnetic fields. In the present paper, we
additionally consider an in general wave-vector-dependent
effective magnetic field for the carriers and the Zeeman energy
term for the magnetic impurities to the Hamiltonian. Since
all of the terms that are added are effective single-particle
contributions, they do not lead to a buildup of a new hierarchy
of correlations, but only connect the density matrices and
the correlations with themselves. Therefore, the truncation
scheme and the factorization of higher correlations laid out

PHYSICAL REVIEW B 93, 205201 (2016)

additional Hamiltonians are accounted for. If an on-average
homogeneous distribution of magnetic impurities in the
quantum-well plane is assumed, equations of motion can be
formulated for the dynamical variables [36]

Coh, = (ko ) (8a)
M™(z) = 8(z—Zp(P] 8b
" (2) NMHZ @ —Zn(B),,). (8b)
ok
07 (2) = NMnd Z 8(z— Zp)

i 51 i(ka—k;)R!
2 <Ck|61 cszfz Pnlnz l ! 1>7 (8C)

where C7*, and M;?*(z) are the electron and impurity density

matrices and Q%fﬁf(z) (for k; # k,) represent the carrier-

impurity correlations, where the mean-field part has been
subtracted. Ny, is the number of impurity ions in the DMSs.

Instead of the density matrices, also the average carrier sy,
and impurity spins (S(z)) as well as the electron occupations
nk, can be used as dynamical variables [36] which helps
to understand the dynamics of the physical variables and
simplifies the equations of motion,

(S(2)) = Zsm,/M ), (%)
ZCakl, (9b)
= Z S0, Cg,zkl s (90)
o102
0 = >8] st 0T, (9d)
7102
ninp

From now on, we will use the convention that o indices
describe spin-up and spin-down subbands,  indices enumerate
the impurity states, while all other Latin indices represent
three-dimensional geometric directions, e.g., j € {1,2,3}, and
Greek indices range from O to 3, where the 0 describes
occupations. In this notation, the zeroth spin matrix is defined
to be the 2 x 2 identity matrix sa1 s, = 8610, Furthermore, we
adopt the FEinstein notation, so that when the same index
appears twice, a summation is implied. Sub- and superscripts
are used, e.g., to distinguish the carrier and impurity degrees
of freedom of the correlations, and do not represent a covariant
formulation. Sums over k vectors, on the other hand, will be
stated explicitly and no sum is implied, if an index k; appears
twice in an expression.

In this notation, the equations of motion of Refs. [36,37],
extended by terms due to the k-dependent effective magnetic

in Ref. [33] can still be applied when the aforementioned field and the impurity and carrier Zeeman energies, are
J
d Jal ¥ (2)|*d K
57 (81@) = @un (@) x (S@M — T Y nRe( Q) (), (10a)
kK’
G] W Tl (PP Nagn
—ny, = d 2Im 10b
T /—d/Z ST Z (0 @). (100)
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a a2 K N n . j
gsll(l = (SZ;(] X Sk.)l + /:d/z dz dh/lfgj/)'z M ZI |: lkl(z) + 1€jjI szli(l (Z)i|’ (IOC)
d
5 Qi) = =i, — @) Q5T (@) + (Ak, + AY), LOI(D) + €10y, (DO5E () + Bt (D) + i), (10d)
bl (z) = sdd|w<z>| [(S'S" @) (s s ) — (S'ST @) (s N ] (10e)

where the mean-field precession frequencies for impurities and
carriers are defined as

gMnlLB Jsal¥(2)*d
@y (2) = W B+ Y Ek Sk, (1Ta)
Q= U + w.(k), (11b)
ge(K)up /d” Jsa W (@D)* N
oK) ;= =——B+ dz ———————(S(2)).
(k) W o b4 Y (S(z))
(11c)

The k-dependent precessionlike movement of the electron
degree of freedom of the correlations is described by the 4 x 4

matrix
we(h )
1 i oy s
(Zﬂkl) %[SZ;“]X

where [SZ;(I]X is the 3 x 3 cross-product matrix with
(€2, xv= Sl;( X V.

The source terms b
Sk in the form

(11d)

(z) involve electron variables nj and

. 1 n 1 1.
(s's/) 1= 51’1[2(1—%)”1«1 + Eskl'skz} = %%k

1, . i nk nk
— Eslilsll(z + Eeiﬂ[(l — 72)511(1 + TISIIQ],
(12a)

and

i Oyki L M N Mo i
(S' N )kz = ( - 7 Sk2 — 75‘1{1 — leiﬂsklskz’ (12b)

T‘S,;z (12¢)

lEl][Sk skz

Also, bf‘kklz(z) contains second moments of the impurity

variables:
(8'87(@) = (s @)y + (8"(2) — $7 @)
(S (2))(S7(2))
x—+— g1(S'2),  (13)
(S(2))? 2

where SI = S(S()Sz) is the spin operator projected onto the di-
rection of the average impurity spin and (S*%) = IO 12y
is the perpendicular second moment, with (S?) = S(S: D — %

for a spln— system.

By going over from the density matrices in Eqgs. (8) as
dynamical variables to the variables defined in Eqgs. (9), one
ends up with a set of equations that is not closed. Thus, some
approximations have to be employed to evaluate the right-hand
side of Eqs. (10): First of all, it is necessary to evaluate the
second moments of the impurity magnetization, for which the
equations of motion can in principle be calculated, but they
involve even higher moments. We reduce the complexity of
the equations by calculating a quasithermal impurity density
matrix in each time step, which is consistent with the average
spin (S(z)). Furthermore, the source terms cj kz(z)2 contain
degrees of freedom of the original correlation functions

oy ko 3 : aky
Osinik, that are not expressible in terms of Oy, - However,

the terms c,k 2(z) were shown to be irrelevant in numerical
calculations in the situation described in Ref. [37]. Since
these terms are proportional to some correlation functions
Qg;”l;k’, they mainly renormalize the frequencies with which
the correlations oscillate. As will be seen later, the values of
these frequencies determine the difference in kinetic energies
of the initial and final states of carriers scattered due to the
s-d interaction. On the other hand it will be shown that
neglecting the terms ¢y (z) leads to equations that conserve
the mean-field energies of the carriers, so that the role of these
terms is mainly to ensure energy conservation including the
carrier-impurity correlation energy. However, this correlation
energy is typically of the order of a few ueV [28], so that it
is typically a good approximation to neglect the source terms
€2 (2), as we will henceforth do.

With these approximations, it seems straightforward to
solve the coupled system of ordinary differential equa-
tions (10) numerically. However, this task is very challenging,
since the correlations are indexed by two k vectors, where
each one is an element of a two-dimensional continuum
in the case of a quantum well. The problem therefore has
the complexity (’)(N,fNZNl), where Ny, N,, and N, are
the numbers of discretization points of the k-space (linear
dimension), the growth direction in real space, and the time,
respectively. Our strategy to make the calculation tractable
follows Ref. [37]: The computation time can be strongly
reduced, if the correlations are eliminated and only their
effects on the electron and impurity variables are kept. This
can be achieved by formally integrating the equations of
motion for the correlations at the cost of introducing a memory
integral. This memory integral can in turn be eliminated by a

; aky
given by ¢y’ =

ith b(fzn';kz 111

oiniky

k
*The  source terms ¢,  are

Z SI 59 bmnzkz”l
oyopniny “nyny 0102 oyniky

Ref. [36].

being defined in
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short-memory or Markov approximation, which is established
in the next section.

C. Derivation and applicability of the Markov limit

Before we discuss the Markov limit of the correlations
including the precessionlike movement of the correlations, we
briefly recapitulate the standard way [36,44] of deriving the
Markov limit of quantum kinetic equations in the simplest
possible situation with £; = 0 and wy,(z) = 0. There, the
equation of motion (10d) for the correlations becomes

%Q?k"f = —i(wx, — o) Qg + Vi (14)
If the source term bf’kklz is regarded as a time-dependent
inhomogeneity, one can first solve the homogeneous part of
the equation and take the inhomogeneity into account by a
variation of constants, which yields

QO (1) = e i(emem) [Q;ﬁi‘f(m)

t
+ / dt’ ei(wkzwkl)’,b;ykklz(t/)}. (15)
Iy

We assume that the carriers stem exclusively from optical
excitation and therefore also the correlations are zero before
the laser pulse is applied. Therefore, Q‘l)’l:(l *(t9) = 0 for tg —
—o00. The correlations act back on the carrier and impurity
variables only via sums over correlations with respect to at
least one k index. Thus, we consider, e.g.,

wpz t . ,
>0 = / do D(w) f di’ ¢ Db P,
K, 0 —00

(16)

with the quasicontinuous limit
wpz
Z..._>/ de(k)-..:/ doDWw)..., (17)
" BZ 0

where hw are the spin-independent single-particle energies
of Hy and hwpz is a cutoff energy corresponding to the
upper end of the conduction band. Although this expression
is valid also for nonparabolic band structures, we simplify the
discussion by first assuming an effective-mass approximation
in two dimensions, so that D?? := D(w) = ‘gj’r”h is constant.

Now, the Markov or short-memory approximation can be
applied to Eq. (16) as follows: Assuming that, because of the k
sum, the effects of the correlations on the carrier and impurity
dynamics dephase fast for not too small values of ¢ — ¢ in the
integral kernel, the largest contribution of the integrals stems
from source terms b;‘kk]("’) () with ¢’ & ¢t. Then, Eq. (16) can be
approximated by

WR7 t . ,
S oww 0 [Mawn @ [ aree-een,
—00

S 0

(18)
Using the Sokhotski-Plemelj formula
O i <
/ di'e™ = n((S(x) - P—) =: mé(x), (19)
—oo X
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where P denotes the Cauchy principal value, allows us to
express the correlations solely in terms of carrier and impurity
variables evaluated at " = t. For the real part of 5, the k
sum reduces to an integration over a single energy shell.
The imaginary part has been shown to lead to a small
renormalization of the precession frequencies [28] that can
only reach values over 1% for a small range of realistic material
parameters and excitation conditions, so that we consider only
the real part of § in the further discussion of the Markov limit.

In the above treatment, it was postulated that the memory
induced by the correlations is short. To see in which cases this
is indeed a good approximation and how the time scale of the
memory can be defined, we briefly summarize the findings
of Ref. [45]: The source terms bfkklz that enter, e.g., in the
dynamics for the carrier spin sk, , involve the variables ny, sk, ,
nk,, and sg,. For the parts that only contain variables at ki,
which we will refer to as by , the real part of the integral on
the right-hand side of Eq. (16) yields

t wpz . ,
Re/ dt’ / dw '@~ @)t 7”17?‘]{] (")
—00 0

_R 0 gy Sinl@sz =) +sin(@y 1), ,
=Re . t v I, (1),
(20)
Since $MAl _ 78(r) for Aw — 00, this way of expressing

the integral now shows that the memory has two time scales,
one corresponding to (wpz — wg,)~!, which is typically of the
order of a few fs due to values of wpz in the eV range, and
the other one at wy_ !, This can explain why, for a §-like initial
electron occupation at k; = 0, the spin transfer rate extracted
from the quantum kinetic calculations in Ref. [45] is exactly %
of the Markovian expression for the rate. Thus, non-Markovian
effects are found to be mainly due to the spectral proximity of
the electrons to the band edge. Therefore, if the initial carrier
distribution has a width of a few meV, the Markovian results
coincide with the quantum kinetic calculations [45].

For the other parts of the source terms bf‘kklz which depend
also on the electron variables at k,, a new time scale emerges
which corresponds to the inverse of the frequency difference
Tk, k, for which the electron variables sy, (ny,) start to differ
notably from s, (ny,).

In summary, it can therefore be said that the correlation
time T, i.€., the time scale of the memory induced by the
correlations, depends on the details of the spectral carrier
distributions. Thus, in order to obtain meaningful results by
using the Markov approximation, it is of key importance that
the dynamics of the source terms takes place on a much slower
time scale than the buildup of correlations 7. If this is not
the case, e.g., due to a fast precession of the electron spins
with a frequency w,, it is necessary to split this precession off
of the correlation induced spin transfer, yielding a modified
integral kernel ¢/ @~ %@ and therefore a shift of 4w, in
the respective § functions [37]. Therefore, the identification
of fast and slowly changing parts of the source terms bfkklz is
crucial for the derivation of the Markov limit of the quantum
kinetic equations of motion (10).
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D. Markov limit of the quantum kinetic equations

In the last section, the standard procedure of deriving a
Markov limit was summarized starting from a simple set of
equations where all the relevant spin precessions in DMSs
were neglected. Now, for the more general theory of the present
paper, we repeat the same steps while accounting for all terms
in Egs. (10). As above, first of all, the homogeneous part of
the differential equation for the correlations has to be solved,

ok, hom hom

. k
Qlk] _l(a)kz - wkl)Q?klz

aks hom

+ (Akl + Alt:) kaz + Eiﬂwé\/ln ij]

2

Equation (21) can be represented in a more abstract form, if

Qo‘k2 is rewritten as a single vector Q"™ with respect to

the set of indices [, o, k;, and k;. Then, Eq. (21) becomes
a
_Qhom — MQhom’ (22)
ot

where the matrix M is defined by the terms on the right-hand

side of Eq. (21). The formal solution of Eq. (22) is the time-
ordered exponential:

Q"+ Ay =Teli  “MOQemey) (23

However, since in the Markov limit the solution of the
homogeneous differential equation is only required on a time
scale comparable to 7., in the fs range, we can assume that
neither the precession frequencies nor the precession axes will
change significantly on this time scale. This assumption makes
it possible to approximate M(t') &~ M(ty) in Eq. (23) so that
the time-ordering operator 7 can be dropped.

The expression for the solution for Q"™ can be further

simplified, because the different contributions to the right-hand
aky hom

side of Eq. (21) act on different degrees of freedom of Q)
and therefore commute. As also Ak, and Ay commute, Wthh
can be checked directly using the explicit expression for those
matrices in Eq. (11d), the homogeneous part of the equation
of motion for the correlation is solved by

K, hom —i(wky —wi, )AL (A, AL AL At
Q;xklz (to+ A1) =e e =) t(e ke )ay

% (e[ﬁ)Mu] Al) Qak2 ([0). (24)

The exponential el®wnlx!
[an]x is

of the cross product matrix

e[anth —

Ry, (@pn), (25)
where Ry(o) is the 3x3 matrix describing a rotation around
the axis n with an angle «. Similarly, it is possible to calculate
an exponential of the matrices Ak:

Ey, (1) := e’
r T

%\, (N[0 2T
=COS<TI>1+SID(TI> LQ_‘(] I:ﬂ_ifl]l s

2,

(26)

with the inverse [Ey, (1)] ' = Ei, (—1).
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Now, the solution to the inhomogeneous equation can be
found by a variation of constants yielding

Oty + A1)
= el By (ADEL (AD)],

to+At ) ,
X [Roy, (@mn AD)],, [Q?ﬁ?(to) + / di’ ')

fo
x [Ex (—VEf, (=), [Ray, (—omat)] b1 (r/)]

27

Equation (27) can be further simplified by decomposing the
matrices R, (wu,t) and Ey, as well as Eljz in components
oscillating with different frequencies:

Ru(wt) = RO + Rfe'™ + R*e*fw’, (28a)
(28b)

)*efi(l/Z)Q;{Zt’

B0 = EL + EL 04 g e 05
Ey, (1) = (Eiz) + (Ekz) S/ (B
(28¢)

where the components of Ey can directly be read off from the
definition in Eq. (26) and the decomposition of Ry() is

nn;

(Rg)ij = |n|2J ’ (292)
1 nin

(ij)ij = E(ai, ~ |2’ +ie ,,k| |) (29b)

For the components defined in Eq. (28), an important
relation is

RYRYE = 8y, RY', (30a)
EQES = 8,0 B, (30b)
(Eltz)X](Eltz)Xz = (Sx]xz(Elz)le (30c)

where from now on we assume y; € {—1,0,1} for any y index.
As stated earlier, it is necessary to identify fast oscillating
and slowly changing contributions to the source terms b?‘kklz. To

ak;

this end, we consider the dynamics of b, * in the mean-field

approximation, where

(S'S7(tg + AD) & [Roy, (@unAD)]..,

X [Roy, (@un AD] (S ST (1), (31a)
nk(to + At) = ng(ty), (31b)
si(to + A1) ~ [Re (4 AD)].. 5k (t0). (lc)

With these approximations, the source terms can be

decomposed into

aks o (@m) iw,
b (to + Ay~ bR (t)e' ™, (32)

where m counts all the possible oscillation frequencies w,,
which consist of combinations of the frequencies w,,(z) and
Q/

Kk
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Now, the Markov limit of Egs. (10) can be established
by using the Markov approximation in Eq. (18) with the
Sokhotski-Plemelj formula in Eq. (19) on the expression for

|

PHYSICAL REVIEW B 93, 205201 (2016)

the time evolution of the correlations in Eq. (27), simplifying
the products of exponential matrices with the relations (30)
and decomposing the source terms according to Eq. (32):

1 1 on)
aka ~ Z Z [a)k2 — (a)kl + XMn®mn + 2 Xk Q, + EXIQQ;‘Z — wm>][EXk. (Ekz)sz]ay (RXMn)ll,b)//ll((]g( )(t) (33)

M XMns Xy s Xky

or more explicitly

2

Xky YX{‘] ,szyxﬁz s XMn

« {[ Xk](Ekz)Xk ]aO(

ak; J 2
O, (2) = ﬂﬁJmlt//(z)l d

(8'87'(z) + SV S(2))
2

RXMn

@ (2)
. Xk
— 2ie€; -(R ,‘) (
K" ) e
X [

i o
+ Eéj’li”<Sl @)(

E)(k1

sz
R ki

’
) §
i’

/
2,

Gt )+
(S'87'(2) + 87" 8'(2)) n, — nx,
2 4

T3

i L
+ Efj/li”(Sl ()8 Skrkr — 8 Skir — 8 jar ) (

(8'S7'(z) + 7S (2))
2

i
Efjki

XMn

(Ran (@)

ol

(e
JJ

Xic

Ra; ), 4,

RXMn o

©yn(2)

1 p
— g ki€ (8" @) (

Finally, inserting the expression for Q'(k2 of Eq. (34) into
the quantum kinetic equations of motion (IOa)—(IOC) for the
carrier and impurity variables yields the desired set of ordinary
differential equations for ny, Sk, and (S) where the correlations
are eliminated, but their effects are still accounted for.

E. Numerical implementation of the Markovian
equations of motion

The numerical advantage of the Markov limit over the
original quantum kinetic equations is mainly that, because
of the § function in Eq. (34), only those electronic states with
wave vectors K, contribute to the time evolution of electron
variables with wave vector k; that are allowed by energy
conservation. Here, the total energy consists of the kinetic
energy as well as Zeeman-like spin-dependent energies due to
the impurity magnetization, the external magnetic field, and
the k-dependent effective magnetic field due to the Rashba or
Dresselhaus terms as well as the impurity Zeeman energy.

The complicated interplay of the different contributions to
the total energy makes it hard to find the roots of the argument
of the § function in Eq. (34), which is necessary in order to
identify the wave vectors k; of the electronic states which are
relevant for the calculation of the time evolution of electronic
states with wave vector k;. In particular, the k dependence of
the energies, the dimensionality of the k vector, and the fact

(R
)i [% ol =) (R
(Ei)™ ]t ((R
L e (57 (”‘“ e )]

Xk

2) 8
_>il’ X

ol = m)st, — (RX“) By, o(1 —nk2>s{;]>},

Q

XMn
@umn(2)

[

ko

- 1 1 ,
S{wkz - [a)kl + (EXI(] - X],(]>Qi(1 + (EXkZ - ng)Qi(

Xk'7

Mn
RwM (Z) JJ’

- XanMn(Z)] }

|

sz

sz) Sko Sxi,. (
K jk’

x.’q>
ki / jk'

Xkl

ki §1%

Y
ki

oo

) St + 8 01 - nk2)<R

k’

Q k)

XMn

an<z>)kj/5x1;, »O‘le;z 0

Xkl
QL

4
Xk i’
7)) ( 2) o
; ost R st
(Y kz &y 0%k,

(34)

(

that the number of roots is in general not known turn out to be
major obstacles for the direct numerical solution of Eq. (34).

Here, we solve this problem by rediscretizing the electron
variables. The roots of the argument of the § function in
Eq. (34) are given by

W1, (52) = @k, (=&1) = XMa@mn(2) (352)
with
k() = ok — EQ, (35b)
3 113
ge{_i»—i,i,z}. (350)

After the space of & is discretized into small intervals, we
create a list of discretization points in k space which contribute
to the corresponding interval with respect to @. Since the
construction of this list has the complexity O(N, ,3), where N
is the number of discretization points of a linear dimension in
the two-dimensional k space, and the correlations )", Q;"kkf
which enter in the equation for a single electron variable with
wave vector k; become of the order of O(N,?) due to the &
function, the problem of solving the Markovian equations in
the full k space is O(N, ,3). This provides a significant advantage
over the full quantum kinetic theory which has the complexity
O(N}) for a quantum well.
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F. Case Ny, > N, without spin-orbit fields

The Markov limit (34) of the equations of motion (10)
yields quite lengthy expressions. However, these can be
simplified dramatically in a case which is very common
for experimentally studied DMS samples: If the number of
the magnetic impurities Ny, exceeds largely the number of
quasifree carriers N,, such as in the case of optically excited
intrinsic DMSs, the impurity spin (S) only changes marginally
due to the influence from the quasifree carriers. One can
therefore assume that the impurity spin will approximately
be defined by its thermal equilibrium value in the external
magnetic field. In particular in the paramagnetic regime,
the impurity spin will be parallel (6f = +1) or antiparallel
(08 = —1) to the magnetic field,

B
B
o5 [{S)l
IB|
Since usually the Zeeman contribution to the energy of the
magnetic ions is much stronger than the mean-field s-d term
due to the carrier spins [39], we assume that

B
B

and that wy, is independent of z. If only electrons with
small wave vectors are excited, no electric field is applied,
and the sample has a rather high impurity concentration, the
s-d interaction usually dominates over spin-orbit coupling
effects, so that one can neglect the latter [21]. Here, we shall
first concentrate on this case and defer the discussion of the

(S) = (36a)

(36b)

B
Wpp = Oy, WMn

|

9 dj2 4N ”
¢/¢|Cor%/ deo JLIY (@I Ny
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interplay between s-d interactions and spin-orbit coupling to
Sec. III B. Since the external magnetic field as well as the
effective s-d field due the impurity spins are parallel, we find
also

B

ﬁ. (36¢)

B
Q =w, =0, w,

Because of the k independence of the effective magnetic
field for the carriers, the matrix Ej, El’zz can be simplified to

Ey Ey, = ((1) Row ) (37)
Additionally, comparing Eq. (13) with Eq. (29) yields
(5757 = () (), + (S*°)(RE, + Rig)i
+1(S)3 (R, = Rig)), ;- (38)

Now, the products of matrices in Eq. (34) can be evaluated
using
Ros X — RUMn — RggBX — Ré

(s) @un

(39)

and the relation (30a). After a lengthy but straightforward
calculation, we arrive at the Markov limit of the equations of
motion for the occupations of the spin-up and -down subbands
with respect to the direction of the external magnetic field

”11/ V= oE Ig\ sk and the perpendicular spin component

1« el
S 1= Sk \B\(lB\ SK):

Z {8(wk2 - wkl)< >( T/l T/i) + S(wkz [a)kl + (afwe - OeBa)M")])

Bt —d)2 nv?2 -
2 |(S)] 2 [(S)]
x [((SL )+ SBT)“ —n/ ! <<sl >:FaSBT (1—n/Mnl 1, (40a)
9 i W IHIY @I Nyad s
gsk] }cor ~ /—d/z dznhz—vz kZ { — d(wx, — U)kl)—(Sk2 + Sk])
1 I(S S)| T
— 8wk, — [wk, + (02 we — o P wun) [5( ) §—2>|> + n;of—uzﬂ S
1 IS S)| ]
_S(wkz - [a)kl - (GBwe — 0, an |:§< L2 51? 2>|> - ”li O’SB—|<2>| t
1 1 .
2 |: (SJ_Z 51? S>|) £0£|<S>| —XSIJ('
T Wk, — [wkl + (UeBwE - G an 2 2 2 | |B| !
1 1 L( 2 |<S>|> L slSITB L}
+— sy +o2 22 ) - = xsit, 40b
7 o, — [on, — (0700 — 0 Fwuy)] [2<< AR A N TR (400

9 ol
where 2 and 35k, leor

at nkl |cor

T/¢|

describe the contributions to the time derivative of the respective quantities beyond the mean-field

dynamics. In the case studied here, the total time evolution is given by
9w _ 28
ar M T K
0
askl = w, X S,

cor’ (413.)

+ a;s‘t (41b)
a

§<S) |cor (410)
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where %<S>|cor can be obtained by replacing Ny, i/ziz dz
by —d Zk. on the right-hand side of Eq. (40b). This follows
directly from the fact that the s-d interaction conserves the
total spin.

Note that Eqs. (40) generalize Eqs. (6) of Ref. [37] by
incorporating a k-dependent precession frequency for the
electrons, an external magnetic field and the z dependence
of the coupling due to the form of the envelope function of the
quantum well.

Equation (40a) can be interpreted like equations resulting
from Fermi’s golden rule: A spin-up electron is scattered either
to another spin-up state with the same value of the kinetic en-
ergy hwy [term proportional to §(wg, — w, )] or to a spin-down
state with kinetic energy hwy, = hox, + Mofw, — cBwy,)
and vice versa. To understand the latter term it is important
to keep in mind that the total mean-field energy of a spin-up

electron is A(wi + %aeBa)e) while for a spin-down electron
1

one finds A(wi — 5063 w,). Also, since the s-d interaction
conserves the sum of the electron and impurity spins, a flip
of an electron spin in one direction is always accompanied by
a flip of an impurity spin in the opposite direction. Thus, in
order to fulfill the conservation of the total mean-field energy,
the energy (ofw, — 0P wyy,) that is freed by an impurity
mediated flip of an electron from the spin-up to the spin-down
state has to be compensated by a difference of the kinetic
energies of the electronic states wy, — w, .

Although Eq. (40a) for the spin-up and spin-down occupa-
tions can also be derived by Fermi’s golden rule, the energy
shifts in the § functions are often not correctly accounted for
in the literature [22,32]. The consequences are discussed in
Sec. IIT A. Here, the spin-flip terms of Eq. (40a) also correctly
account for Pauli-blocking effects by the terms proportional to
a1 - nlt/ ¢) which are usually put in by hand in a golden-rule
derivation. Furthermore, a golden-rule treatment only allows
us to derive transition rates between energy eigenstates and
does not provide equations governing the dynamics of the
coherences between those eigenstates, i.e., the components of
the electron and impurity spins perpendicular to the direction
of the external magnetic field, which is given in our derivation
by Eq. (40b). As in the equations for the spin-up and spin-down
occupations, we find that the equations for the perpendicular
spin components connect states whose difference in kinetic
energies h(wx, — wk,) is either zero or (0w, — o, ).
Note that in contrast to the equations for n]t]/ ¢, here we find

terms proportional to the imaginary part of §. While the real
part leads to a ratelike damping of the perpendicular electron
spin, the imaginary part yields an additional contribution to the
precession frequency. Such frequency renormalizations have
been extensively discussed in Ref. [28].

From Egs. (40) one can also find decay rates for spin-up
[(Tkt)_l] and spin-down [(tlfu)_l] electron states as well as the

spin components parallel [(rlﬂo)_l] perpendicular [(tlfl))_ l] to
the external magnetic field, if it is assumed that only very few
quasifree carriers are excited, so that one can regard only single

electrons by setting nltz/i = Sun, ,wkzn]tlw and slfz = Son, o, Slt:

(w) " =T Ofwk, + (6w, — of,om)].  @“20)

(5) " =8k, — (68w, — of,om)].  (42b)
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-1 -1
(t) = (7)) +(m) (420)
-1 1 -1 -1
() =T+ 5[(m) " + () ], (42d)
with
JE Ny 2
[0 = 1 DP 22 (ST, (42e)
JouNu 2 1(S)]
+ _ 2D vYsd n 1 B
M = I DP =y ((S ) o = ) (42f)
dj2
1 =d/ dz |y (), 42¢)
—d)2

where ©(x) is the Heaviside step function.

Thus, the main effect of the frequency shifts due to the
precession of the correlations is the opening and closing of
decay channels due to the corresponding step functions which
originate from the step of the two-dimensional density of states
at wk—o-

III. RESULTS

A. Magnetic field dependence of the spin transfer rates

Now, we compare the theory derived in the present paper
with the different treatments of the s-d interaction presented
by other groups. To this end, we focus on the case without
spin-orbit interactions and Ny, > N,, so that the correlation
induced changes in the carrier variables can be described by
Egs. (40). Often in the literature rates for the carrier-impurity
spin transfer dynamics are obtained from Fermi’s golden
rule [25,29-31]. In two-dimensional systems one finds in the
absence of magnetic fields:

9 I3 Nt
e = I s

2[S(SJrl)]
3

x / dw D*P(0)8(w — w1)sl, = —Trers,,, (43a)
Am*
27h

JZ Ny 2
sd M [S(S + 115 .

TrGr = I W V2 3
where we assume isotropy so that the carrier spin variables
are independent of the angle of the wave vector and can
equivalently be described by Slikl or s’ | with the kinetic energy
how = h22|’l;|2. TrGr 1S Fermi’s golden-rule spin-transfer rate at
B = 0. In contrast, if an external magnetic field is applied, the
conduction band is energetically split by o®w,. This leads to
the appearance of an additional energy offset in the § function.
In our treatment, we also find an energy offset corresponding
to the impurity Zeeman splitting o}y, @y, which is necessary
for the simultaneous conservation of the total carrier and
impurity energy as well as the total spin. Furthermore, Fermi’s
golden rule is only able to predict transitions between energy
eigenstates, whereas it makes no statement about the transfer of
the carrier spin components perpendicular to the quantization
axis. The distinction between parallel and perpendicular
components does not arise for B = 0, since in this case all
directions are equivalent. Additionally, the factor S(S + 1) has
to be modified in the presence of a magnetic field that causes
a nonzero paramagnetic impurity magnetization.

(43b)
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In particular, the energetic offset caused by the impurity
Zeeman splitting is often overlooked in studies based on
the golden-rule approach [22,29]. In Ref. [22], which is
based on the kinetic spin Bloch equations (KSBEs), even
the band splitting 0w, is disregarded, but the magnetic field
dependence of the second moments of the impurity spin, which
enters in the rates, was kept. There are also studies [25,26,30]
that explicitly include the band splitting as well as the impurity
Zeeman terms, but since there the rates are derived by Fermi’s
golden rule, no expression for the perpendicular spin transfer
component was given.

In this context, one particularly notable theoretical deriva-
tion of magnetic field dependent carrier-impurity spin transfer
rates was given by Semenov in Ref. [32], which is based on
a projection operator method. There, the electron spins are
treated as a subsystem which interacts with a bath of impurity
ions. In Ref. [32], it was assumed that the electron density
matrix can be factorized into one part accounting for the spin
degree of freedom and the k-dependent part, which is described
by a Fermi distribution. Tracing out the k-dependent part of
the carrier density matrix as well as the impurity system, rates
were obtained for the spin degree of freedom of the carriers. In
contrast to the theory of the present paper, where only energetic
shifts associated with the spin-flip-flop processes of the form
lofw, — of, wu.| appear, the projection operator method of
Ref. [32] also finds terms proportional to |6Zw, + o, @umnl-
As mentioned earlier, such energy shifts are in conflict with
the conservation of the total carrier and impurity energy. We
trace the appearance of the energy nonconserving terms in
Ref. [32] back to the fact that, there, only the positive frequency
component of the electron-spin precession was regarded,
whereas the negative frequency component explicitly shows
up in the theory of the present paper and leads to a cancellation
of terms in the expression for the correlations which oscillate
with (62w, + o, 0umn).-

Having discussed the different expressions for the magnetic
field dependence of the carrier-impurity spin transfer rates that
can be found in the literature, we compare them at the example
of the situation discussed in Ref. [32]. There, it was assumed
that the spectral electron distribution is

M) = nt(w) e /T (44)
for some carrier temperature T, irrespective of the spin-split
subband. With this assumption, the decay rate of the total
parallel (Tl_') and perpendicular (Tz_]) carrier spin with

respect to the magnetic field direction can be obtained from
Egs. (42) of the present theory:

! ocf doe T[T\ o« T7 + 17, (45a)
0

_ o o _ I __ _
7, ocfo dwe Tt w)]™" « r"Jrz(TT LT,
(45b)
o0
T 0(/ doe Tt )] ' x I~
0

x min(1,e( @@/ Ty (45¢)
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magnetic field B [T

FIG. 1. Magnetic field dependence of the parallel (i = 1) and
perpendicular (i = 2) spin transfer rates normalized with respect to
B = 0in a 8-nm-wide Cdy 933 Mng g7 Te quantum well at temperature
T =4 K. Red and blue lines (PESC) represent rates according
to the theory of the present article [Eqs. (45)] and red and blue
crosses show the rates calculated by the projection operator method
(proj.) of Ref. [32]. Furthermore, cyan and orange triangles and lines
show the results of Eqgs. (45), when the energetic shifts due to the
Zeeman impurity splittings in spin-flip-flop processes (wy,, = 0) or
additionally the spin splittings (w, = wy, = 0) are neglected. 7, and
T, are the relaxation rates of spin-up and spin-down occupations,
respectively.

¢}
7! oc/ doe T [t4 ()] o TF
0

x min(1 ,ef(“fw”*“ﬁ"“’M")/T),

(45d)

where also the values for the decay rate of the spin-up ( TT_I)
and spin-down occupations (Tfl) are given explicitly. For
B=0,therates T, ' =T, ' = 2TT_1 = 2T¢_1 coincide with
the rate calculated by Fermi’s golden rule tggr, which defines
the normalization of the rates in Eq. (45).

Figure 1 shows the magnetic field dependence of the parallel
and perpendicular spin transfer rates according to Eqs. (45)
with the parameters of Ref. [32], where a d = 8-nm-wide
Cdp9g3Mng 917 Te quantum well was considered at 7 = 4 K.
The value for the coupling constant is Jy; = 15 meV nm? and
the electron and Mn g factors are g, = —1.77 and gy, = 2.0
respectively. The present theory predicts that the parallel spin
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FIG. 2. Magnetic field dependence of the electron (red solid
line) and impurity Zeeman energy (green dashed line) as well as
their difference (blue dotted line) for a DMS quantum well (same
parameters as for Fig. 1).

transfer rate Tl_1 first decays fast from B=0to B~ 1T,
then levels off. The perpendicular spin transfer rate TZ’] first
decays with increasing magnetic field, reaches a minimum
at B~ 1 T, and finally increases again. This behavior of
T1_1 and Tz_1 can be explained by considering the rates T{l

and Tfl separately, together with the values of the energy

shifts 02w, — o @y, presented in Fig. 2. The mean-field
impurity energy 7o wyy, is mainly dominated by its Zeeman
energy and therefore increases linearly with B. In contrast,
the mean-field carrier energy hoZw, is strongly modified by
a contribution proportional to a § = % Brillouin function due
to the impurity magnetization, which starts linearly in B but
begins to saturate at B ~ 2 T. For high magnetic fields (B > 6
T), hoBw, decreases again, when the impurity magnetization
is fully saturated and the negative electron g factor becomes
important. Although 02w, — o} @y, eventually becomes
negative for very high magnetic fields (not shown in Fig. 2), for
typical experimentally accessible fields, it is mostly positive
and increases linearly up to B ~ 2 T, just like 0 £ w,.

It follows from Eq. (45¢) that TJl decreases approximately
exponentially with B in the regime where 02w, — o @y,
increases linearly. Therefore, we find that the spin-splitting
introduced by the external magnetic field closes the transfer
channel Tfl. In the case studied here, the magnetic field

dependence of the rate T{l comes exclusively from the

prefactor, since due to the positive value of 02w, — oy W
the corresponding transfer channel is maximally open. Noting
that

(B — 00) = 1pr, (46a)
(B — o0) = 0, (46b)
I (B — 00) > 215, (46¢)

we find that T]_] approaches %thR and T2_l — %IFGR ~
1.291ggr for large values of B.

The magnetic field dependence of rates predicted from the
projection operator method of Ref. [32] is qualitatively similar
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FIG. 3. Magnetic field dependence of spin transfer rates for a
Cdy.9983Mng o917 Te quantum well (cf. Flg 1).

to that of the present theory, as can be seen in Fig. 1. However,
they suggest quantitatively smaller values for the rates, with
deviations of the order of ~0.2trgr. In the case studied here,
the offset due to the impurity Zeeman splitting o 5wy, plays
a less significant role, so that the rates calculated neglecting
these terms (triangles in Fig. 1) coincide with the calculation
which conserves the total energy. However, neglecting the spin
splittings o5 w, is found to lead to the correct rates only for
large values of the magnetic field while for smaller magnetic
fields qualitative features, such as the minimum in Tz_l, are
not obtained.

In our analysis of the magnetic field dependence of the
spin transfer rates it was important that 6 2w, — o} wu, > 0.
The situation can change significantly, if this is not the case.
In order to study this regime of parameters, we repeat the
same calculations shown in Figs. 1 and 2 but we assume a Mn
concentration x = 0.17% which is smaller by a factor of 10
than in the previous calculations. The results are displayed in
Figs. 3 and 4 respectively. We find in Fig. 4 that now also the
electron spin splitting is dominated by the Zeeman term and
the mean-field contribution from the impurity magnetization
is rather small. In particular, one finds that 62w, — o' Wy is
now negative for all values of B > 0. This fact has immediate
consequences on the magnetic field dependence of the spin
transfer rates. The main qualitative difference between the
rates shown in Fig. 3 and in the previous case is that now
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FIG. 4. Magnetic field dependence of the Zeeman energies for a
Cdy.9983Mng o017 Te quantum well (cf. Fig. 2).

the parallel spin transfer rate T fl decays to zero for large
values of B. Here, the spin transfer channel corresponding
to TT_] is closed due to the energy splitting, whereas Tfl
decreases to zero, because the prefactor 't tends to zero for
B — oo. The physical reason for this behavior is that due to
the negativity of ofw, — o @y, spin flips from the spin-
up to the spin-down band face an energy penalty, while a
flip from the spin-down to the spin-up band would require a
corresponding decrease of an impurity spin in order to satisfy
the spin conservation. However, for B — oo the impurity spins
are already fully aligned antiparallel to the magnetic field,
so that this spin flip is also forbidden. The magnetic field
dependence of the perpendicular spin transfer rate T[l for
x = 0.17% is quantitatively similar to the case of x = 1.7%.
However, here, the asymptotic value for strong magnetic fields
is TZ’I(B — 00) —> HIFGR.

For the smaller impurity concentrations, the projection
operator method of Ref. [32] overestimates the spin transfer
rates. Figure 3 also shows that, in this case, neglecting the
impurity Zeeman terms leads to significant deviations from
the energy-conserving rates.

In order to establish a connection between the theories dis-
cussed above and the experimentally determined electron-spin
relaxation rates, it has to be noted that in most magneto-optical
experiments on II-VI DMS quantum wells so far (cf. Ref. [3]
and references therein) the pump laser is tuned to the electron-
heavy-hole exciton energy. To model these experiments also
the Coulomb correlations between electrons and holes have
to be taken into account, which is beyond the scope of the
present paper. It was found in Ref. [3] that different groups
consistently measured perpendicular electron-spin relaxation
rates T[l which are about five times larger than tpggr at
B = 0. This discrepancy can be understood by the fact that
the effective electron mass has to be replaced by the exciton
mass in the expression for the rate TI:GIR [46], which yields an
increase of the rate by a factor of ~4.6 in the case of CdMnTe.
Nevertheless, the finding of the present paper that the rate Tz_1
varies only weakly with the magnetic field and stays essentially
within 30% of TF_GlR is consistent with the tendency of most of
the experimental results summarized in Ref. [3]. However,
especially for samples with low impurity concentration at
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low temperatures, there are also some experiments which
measured a maximum (instead of a minimum predicted by
the present theory) of the magnetic field dependence of the
perpendicular spin transfer rate as well as changes in the
rate which span about one order of magnitude of its value at
B = 0, which was suggested [3] to stem from local fluctuations
of the impurity magnetization. In order to distinguish these
imhomogeneity effects from Coulomb correlation effects we
suggest experiments where the pump pulse is tuned to energies
well above the exciton resonance.

B. Interplay between s-d and Rashba interactions

The fact that in the derivation of Eq. (34) the k dependence
of an effective magnetic field was taken into account makes
it possible to discuss the interplay between the spin-orbit
coupling and the s-d interaction on a rigorous microscopic
basis, where the spin-orbit interaction also acts during s-d
scattering events. In earlier works, the interplay between
these effects was studied [21,47], where only the direct
effects of the spin-orbit coupling on the electron spins was
considered, yielding an additional k-dependent contribution
to the mean-field precession frequency, whereas the dynamics
of the correlations was not modified, i.e., the spin-orbit
interaction was only accounted for between s-d scattering
events. It was found that already on a mean-field level,
the carrier spin dephasing due to the k dependence of
the precession frequencies can be strongly suppressed by a
motional-narrowing-type mechanism caused by the precession
in the mean field of the impurity magnetization. Furthermore,
it was argued that both mechanisms can be tuned in a wide
range, especially in Hg,_,_,CdyMn,Te quantum wells with
applied electric fields. In this material, the strength of the s-d
interaction is determined by the Mn concentration x, while the
Cd concentration y can be used to change the gap between
conduction and valence bands which controls the strength of
the Rashba [19] field. When both types of interaction are
similarly important, a complex oscillatory time evolution of
the carrier spin was found, which is absent when either one of
the interactions dominates.

Now, the question arises whether neglecting the effects of
the Rashba field on the dynamics of the correlations is indeed
a good approximation or if qualitative changes have to be
expected if they are accounted for. We study this question
in a case in which the strengths of the Rashba and the s-d
interactions are comparable. We consider a d = 20 nm wide
Hg,_,_,CdyMn,Te quantum well with electric and magnetic
fields applied along the growth direction z. The voltage drop
between the barriers of the quantum well leads to a strong
Rashba interaction of the form

Hg = 2hag Z (kysgor = kxsga’)ClT(oCk”” 47

koo’

where we assume a value of ag = 4.87 meV nm [21].
Further parameters that enter the calculation are the
effective mass m* = 0.093m,, the s-d coupling constant J;; =
15 meV nm?, the lattice constant ¢ = 0.645 nm and the Mn
concentration x = 7%. The initial Mn state is modelled by a
thermal equilibrium state following a Brillouin function with
temperature 7 = 4 K in an external magnetic field pointing in
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the —z direction with |B| = 50 mT. The g factors for impurities
and conduction-band electrons are g, = 2. and g, = —1.5,
respectively. Furthermore, as we consider an intrinsic DMS
where the quasifree carriers originate purely from optical
excitation, Ny, > N, is clearly fulfilled, so that we can
neglect the back action of the carriers on the impurities.
Thus, the Mn magnetization remains homogeneous, which
allows us to integrate along the growth direction yielding a
factor of I = 1.5. The initial electron spin was modelled by a
Gaussian distribution in the spin-up band centered at the band
edge with standard deviation E; = 1 meV corresponding to
a o~ polarized laser with pulse duration (full width at half
maximum) ~140 fs. For these parameters, the mean-field
energy splitting caused by the impurity magnetization is
~ — 0.75 meV (the spin-up-subband is energetically favored),
while the strength of the Rashba interaction for an electron with

kinetic energy 25 = I meV is 2hagko ~ 0.89 meV. Here,
the Zeeman terms yield significantly smaller contributions of
gep|B| = —0.004 meV and gy, p|B| =~ 0.006 meV to the
respective spin splittings.

Figure 5 shows the results of numerical simulations for
this set of parameters. As reported earlier [21], the Rashba
interaction alone (blue dashed line) leads to a fast dephasing
of the carrier spins. If additionally magnetic impurities with a
finite magnetization are present, already a mean-field treatment

(purple circles) can lead to a strong suppression of the

Blle.
g 1 . T T T T ]
3 b\ s
S g R T s s
5 0.5 |
3
N Y
g complete —
Z sd only
g8-0.5 F Rashba only - .
% mean field
2 ) cor. dyn. w/o Rashba
<} - - u
0 20 40 60 80 100
time ¢ [ps]

FIG. 5. Time evolution of the total electron-spin polarization after
spin-polarized optical excitation in a magnetic field perpendicular
to the quantum well plane (cf. text for parameters). The red solid
line describes the results according to Egs. (10b) and (10c) with the
Markovian expression for the correlations from Eq. (34). The green
dashed line corresponds to a calculation without Rashba coupling,
where only the s-d interaction is considered. The blue dotted line
presents the results of the case in which only the Rashba interaction
is present. The mean-field calculation, which is obtained by dropping
the correlations completely, is shown as the purple circles. The cyan
crosses describe the results where the effects due to the Rashba
interaction on the dynamics of the carrier-impurity correlations are
neglected, so that in addition to the mean-field terms, the time
derivative of the carrier variables obtains the correlation induced
contribution of Egs. (40).
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FIG. 6. Time evolution of the total electron-spin polarization after
spin-polarized optical excitation in a magnetic field parallel to the
quantum-well plane (cf. Fig. 5).

dephasing by motional narrowing caused by the precession of
the carrier spin in the mean field of the impurity magnetization.
Without the Rashba interaction, the s-d interaction causes a
spin transfer from the carriers to the impurities which can
be seen in Fig. 5 as an exponential decay to a nonvanishing
equilibrium value. In the previous studies [21], the correlation
induced spin transfer was combined with the mean-field
precession, but the effects of the Rashba interaction on the
dynamics of the correlations were neglected (here shown
as cyan crosses). In Fig. 5, also the complete carrier spin
dynamics is shown, where the Rashba interaction is explicitly
accounted for in the calculation of the correlations (red solid
line). By comparing both calculations, it can be seen that the
total carrier spin is hardly influenced by the effects of the
Rashba spin-orbit coupling on the correlation dynamics.
The same result is also obtained for the situation where the
magnetic field is applied parallel to the quantum well plane,
as shown in Fig. 6.

Similar to the fact that the precession-type motion of
the correlations discussed so far leads to changes in the
kinetic energy of scattered carriers, also the Rashba inter-
action enforces a precession of the correlations resulting in
corresponding changes in the electron energies. In Fig. 7 the
carrier occupations at t =0 and ¢ = 50 ps are shown for
calculations with and without accounting for the Rashba effect
on the correlation dynamics for the situation described in Fig. 5
with magnetic field parallel to the growth direction. Without
the Rashba interaction, the kinetic-energy dependence of the
occupations at t = 50 ps shows a distinctive step at hwyx =
|h0f we — ha,ﬁann | which corresponds to a redistribution of
carriers with an excess energy in the spin degree of freedom
to states with higher kinetic energies. When the Rashba
coupling is turned on, the step shifts towards slightly higher
kinetic energies. This can be explained by the fact that in the
configuration with a magnetic field along the growth direction
and a Rashba field in the quantum well plane the energy

205201-13



M. CYGOREK, P. 1. TAMBORENEA, AND V. M. AXT

Blle,
14 : T T
1.2 +

0p
complete, t = 50 ps T
cor. dyn. w/o Rashba, ¢t = 50 p

occupation

O | | 1
0 1 2 3 4 )

kinetic energy hwy [meV]

FIG. 7. Kinetic-energy dependence of the occupation of carrier
states at times ¢t = 0 ps and ¢ = 50 ps for the calculations shown in
Fig. 5.

eigenvalues of an electron with wave vector k are

E. = hoy £ %h\/(ZO[leDZ + (GeBa)e)z.

Including the shifts due to the impurity Zeeman splittings,
the step in the kinetic-energy dependence of the occupation

is therefore shifted to f/azlkD) + (0w, — o8, o).
However, the shift of the energy splitting is too small to cause
a significant impact on the time evolution of the total spin.

(48)

C. Connection to the theory of collective carrier-impurity
precession modes in DMSs

In the derivation of the theory, the z dependence of the
carrier envelope function was taken into account. We see from
Egs. (42) that one effect of this z dependence is that the spin
transfer rate obtains the prefactor /. Assuming a constant
linear impurity density NZ‘;” , a constant z envelope yields a
value of I = 1 while the extreme case of a quantum well with
infinite barriers yields I = % This effect has also been found

in previous studies of DMSs [3,15,32].
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Like the spin transfer rates, also the electron-spin precession
is influenced by the z dependence of the envelope of the
electron wave function. In particular, it can be seen from
Eq. (11c) that the contribution to the electron-spin precession
frequency from the impurity spin is proportional to

a2
f dz [0 () PSE)).
)

Thus, the impurity spin as a function of z can be decomposed
into this mode which couples to the electron-spin precession
and Ny, — 1 orthogonal modes, which do not influence
the electron spins directly on a mean-field level. In the
parameter regime where the precession frequencies of the
electron and impurity spins almost coincide, the coupling
between the above impurity mode and the electron spin is
particularly large, leading to an avoided crossing indicating
a collective motion of impurity and carrier spins. This
fact has been discussed in a number of recent papers by
different groups [6,11,39,40,48,49]. In these works, however,
the carrier-impurity correlations have been disregarded.

In the following, we will derive equations describing the
situation studied, e.g., in Ref. [39] taking the effects due to the
correlations into account. There, an n-type CdMnTe quantum
well in an external magnetic field parallel to the quantum well
plane (x direction) was considered, leading to equilibrium
values of the impurity and carrier spins antiparallel to the
magnetic field. A circularly polarized pump beam induces
electron-hole pairs with spin polarization along the z direction.
During the decay of the hole spins on a time scale of ~5 ps, the
impurity magnetization precesses around the p-d exchange
field of the holes, causing a small tilt of the impurity spins
away from the equilibrium x axis into the y axis. The optically
induced electron spins contribute to the z component of the
total carrier spin. Thus, after the holes are decayed, one ends
up with a situation where the impurity and carrier spins precess
around each other.

The fact that the spin components perpendicular to the
equilibrium values are small compared with the parallel
components allows one to linearize Eqgs. (40) and (41) with
the expression for the rates from Eq. (42):

0 1 8eB 1 JstMn x,(1) 1 JstMn X 1.(1) 1 a2 >/< 1
§S>/<: BXS>/<+TS X >/<—TS>/<XS —E _d/deF (Z)S>/<, (493)
8 i n i Js i Js i
58t = th“BB x §H) — V—;‘_Ls“f“) x (sZ+sh) + V—;fl(s’; +5%) x §HUHD
4 72 .
+d’™ / dz [Y @7 @)t + T =()stl, (450)
—d/2
Am* P Nuw o e (S5 1S)] P 5
P(k,2) == d W@ | (81 + | 5= — o5 == Olwk + [0 we — 0/ wua(2)]}
L2 S
n (( - ) +ob |<4>|)®{wk [oPw, — O_eBan(Z)]}] (49¢)
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with

1 >/< x/L
s/l ="l (50a)
k

r<@:=Y " Tk, (50b)
k

dj2
S/ = ¢! / dz Y@ (8 (). (50¢)
— /2
where the indices x and L denote the spin components parallel
and perpendicular to the equilibrium axis x and Y, ~/~
describes the sum over all wave vectors k with wyg > wg or
wk < wy, respectively, where wy = 02w, — o wy,|. The
distinction between states with higher or lower kinetic energy
than wy is a direct consequence of the steplike k dependence
of the spin transfer rates.

Equations (49) of the present paper differ mainly from
Egs. (4) and (5) of Ref. [39] in that carriers with wx < @y
are distinguished from carriers with wgx > wp and in that the
terms proportional to the rate I'>/<(z) are omitted in the
mean-field treatment of Ref. [39]. Instead, a phenomenological
relaxation rate 7,”! was added manually in Ref. [39]. Another
difference is the appearance of the corresponding spin transfer
term in the equations for the impurities. This is due to the
fact that the s-d interaction is spin conserving so that the
electron spin that is removed from st /< has to be transferred
to the impurity system. Taking these corrections with respect
to the description of Ref. [39] into account would lead to
a more accurate modelling of the collective carrier-impurity
precession modes. However, as discussed earlier, the variation
of the perpendicular spin transfer rate in the presence of an
external magnetic field is limited to < 30% of the golden rule
value at B = 0, so that the spin transfer rate remains in the same
order of magnitude. Thus, the phenomenological treatment of
the rate can be justified for the purpose of the discussion in
Ref. [39].

IV. CONCLUSION

A quantum kinetic description of the carrier spin dynamics
in paramagnetic intrinsic II-VI DMSs was presented which,
in contrast to previous works [33,36,37], also accounts for
a wave-vector-dependent effective magnetic field as well as
Zeeman terms for carriers and impurities. The Markov limit
of the quantum Kkinetic equations allow us to extract rates
for spin transfer processes between carriers and magnetic
impurities. From the rigorous treatment of a precession-type
dynamics of the carrier-impurity correlations it is found that
the redistribution of carriers in Kk space is not only influenced
by the spin splitting of the electron subbands due to the
Zeeman energy enhanced by the impurity magnetization, but
also acquires an energetic shift corresponding to the Zeeman
level splitting of the magnetic impurities. This shift accounts
for the fact that a spin flip of an electron involves a spin flop of
the magnetic impurity in the opposite direction and the total
energy of the magnetic impurity and the electron spin has to
be conserved. The energetic shifts in the description of the
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spin-flip-flop processes are often not correctly accounted for
in the literature.

The impact of these energy shifts was investigated using
the example of the magnetic-field dependence of the carrier-
impurity spin transfer rates parallel and perpendicular to the
impurity magnetization. Two distinct parameter regimes were
identified, one for rather high doping concentrations of the
order of x ~ 1% and one for extremely diluted systems with
x < 0.1%. These regimes correspond to cases where the total
change of the kinetic electron energy as given by (02w, —
o5, wumy) is mainly positive or negative. In both situations the
perpendicular spin transfer rate TZ’] varies within ~30% of
the value for B = 0, which also coincides with the results for
Tl_l obtained by Fermi’s golden rule. However, in the first
case, the parallel spin transfer rate T]_] decays monotonically
for an increasing magnetic field to % of the golden-rule value

at B = 0, while in the extremely diluted case, Tl_l eventually
vanishes. In calculations where the carrier spin splitting Aw, or
the impurity Zeeman splitting Awyy, is neglected, as is often
done in the literature, the magnetic field dependence of the
spin transfer rates deviates significantly from that predicted
by the accurate description involving both energetic shifts.
Accounting for the impurity Zeeman splitting for the spin-
flip-flop processes turns out to be particularly important in the
very dilute case.

Furthermore, the interplay between the s-d interaction
between carrier and impurities and the Rashba interaction in
a Hg,_,_,CdyMn,Te quantum well was investigated. In the
standard rate description approach one usually calculates for
each interaction a corresponding scattering rate and ignores
that other interactions might change the dynamics during the
scattering process. This was the point of view adopted in
previous studies of the combined dynamics of s-d and Rashba
couplings [21,47]. However, such mutual dependencies of
different interactions have been shown in the literature to be
of importance, e.g., in the case of a static electric field acting
during phonon-scattering process known as intracollisional
field effects [38]. Technically, the dynamics during an ongoing
interaction process is represented by correlation functions. In
the present paper, we presented a quantum kinetic description
where s-d and Rashba interactions have been fully accounted
for in the combined dynamics of the single-particle density
matrices and the carrier-impurity correlations, thus fully
covering all mutual cross effects between these interactions.
While itis a priori difficult to predict how important these cross
effects actually are, we have demonstrated for the present case
that the total carrier spin is hardly affected by this mechanism.

Finally, taking into account also the z dependence of the
carrier envelope function makes it possible to show how
the phenomenological treatment of the spin transfer rate
in the description of collective carrier-impurity precession
modes in Ref. [39] can be based on a solid microscopic
foundation.

In summary, our microscopic treatment of the effects of
a k-dependent magnetic field and the impact of the shape
of the carrier envelope function justifies the approximations
made in earlier studies of the dynamics of the total electron
spin [21,39]. Apart from this insight, the present theory further
contributes to the progress in the field of spin physics in
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DMS by not only deriving rates for carrier spins parallel
but also perpendicular to the impurity magnetization in the
presence of an external magnetic field. The latter are expected
to be the dominant contribution to the carrier dephasing
time in time-resolved magneto-optical Kerr measurements
in Voigt configuration. In contrast to earlier approaches
found in the literature [22,32], the rates derived in this
paper are fully compatible with the energy conservation
of an individual spin-flip-flop process. Our study reveals
that the difference between the predictions of the discussed
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theories is most prominent for extremely diluted magnetic
semiconductors.
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Abstract. The non-Markovian effects in the spin dynamics in diluted magnetic semiconduc-
tors found in quantum kinetic calculations can be reproduced very well by a much simpler effec-
tive single electron theory, if a finite memory is accounted for. The resulting integro-differential
equation can be solved by a differential transform method, yielding the Taylor series of the
solution. From the comparison of both theories it can be concluded that the non-Markovian
effects are due to the spectral proximity of the excited electrons to the band edge.

1. Introduction

Diluted magnetic semiconductors (DMS) are a class of workhorse materials in the field of
semiconductor spintronics, since they combine the magnetic degree of freedom with the
versatility and highly developed fabrication schemes of the semiconductor technology. Usually,
Mn doped II-VI or III-V semiconductors are studied and a localized s-d interaction between
the carrier and Mn spins modelled by a Kondo-like Hamiltonian has been found to describe the
magnetic properties and the spin dynamics of DMS very well.

A numerical calculation based on a quantum kinetic theory (QKT) for the spin dynamics in
DMS governed by the s-d interaction[1] showed that, among other phenomena, non-Markovian
effects, such as overshoots or oscillations of the total spin polarization, can be found in one-
and two-dimensional systems[2, 3]. The quantum kinetic theory can be presented in a more
easy-to-use and intuitive way, by eliminating the correlations at the cost of a memory integral.
Because it was found that, in doing so, it is crucial to account for a precession-like dynamics
of the carrier-impurity correlations, the equations are referred to as precession of electron spins
and correlations (PESC) equations[4]. In the present article, we show that the non-Markovian
spin dynamics in DMS, found in the quantum kinetic theory, can be well described by an
approximation of the PESC equations. The resulting integro-differential equation can be solved
by a differential transform method (DTM)[5]. An analysis based on this simplified approach
reveals that the non-Markovian effects are due to the proximity of the electronic excitations to
the band edge.

2. Equation of motion
In Ref. [4] effective equations of motion for the correlation-induced spin dynamics in DMS were
derived. For initially vanishing magnetization of the magnetic impurities, the time evolution of

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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the conduction band electron spin polarization in a DMS quantum well structure can be found
from Eq. (7a) of Ref. [4]:

t
/ dt’
0

where s,,, is the mean electron spin of electrons with energy hw; (relative to the band minimum),
71 is the spin transfer rate in the Markov limit and hwpyz is the energy at the end of the first

0
gi V)

1

7 (50 (t) = s () ], (1)

>H3

dw cos[(wy — w)(t —t")] | sw, (') +

O\UE

Brillouin zone. If we assume a parabolic band structure, we find wy = ;’Zi
for an electron with wave vector k; and n = %% with coupling constant J,4, magnetic
ion density nps, and quantum well width d.

It is noteworthy that in the time derivative for the total spin, where Eq. (1) is integrated over
w1, the term (s, (t') — sw, (t')) cancels. Since this term can be expected to lead to an insignificant
contribution to the total spin, we henceforth neglect this term which simplifies the analysis of
the spin dynamics drastically. Despite this argument being valid only for the total spin, we
shall show by numerical calculation that also the individual spin dynamics for an electron at
the energy w; is reasonably well described by this approximation (cf. Fig 1(c) and (d)). Thus,
Eq. (1) can be reduced to

S () (2)

t
gs B n/d, sin((wpz — w1)(t' — 1)) N sin(wy (t' —t))
o1 % ™ t—t t—t

0

The phyiscal meaning of Eq. (2) becomes most obvious when the Markov limit is regarded,
which assumes that s, changes on a much slower timescale than the oscillations of the integral
kernel. Then, on the r. h. s. of Eq. (2), sw, (') can be evaluated at ¢ = ¢ and drawn out of
the integral. Keeping in mind that lim, o sin(wt)/t = w0(t) and that the integral ranges only
over one half of the sin(wt)/t peak, one finds: s, = —nsw,, which shows a simple exponential
decay of s, with the rate n. This corresponds to a golden rule-type transfer of the electron spin
to the impurity system.

However, the condition for the applicability of the Markov limit was n < w; and n < wpz—ws.
For realistic parameters (e. g., the parameters used in Ref. [2, 3] yield in ~ 0.45 meV) and
excitations far away from the end of the first Brillouin zone, only the latter condition is fulfilled,
while for excitations close to the band edge, w; can be of the same order of magnitude as 7.
Thus, we apply the Markov limit (wpz — o0) only on the first term of Eq. (2). The number
of parameters can be reduced by substituting 7 := nt and & := wy/n. Then, the problem is
transformed to:

T . /_
0 _ 1 _1/d7_,sm(§(7 7))
2 T T —T
0

(I)E(T/)v (PE(O) =1, (3)

where sy, (t) = 54, (0)®,,, /»(nt). Thus, the shape of the time evolution depends only on the ratio
between w; and n.

3. Numerical Evaluation of the non-Markovian Spin Dynamics
We solve the integro-differtial equation (3) by a technique similar to Zhou’s differential transform
method (DTM)[5], which consists of Taylor-expanding all terms in Eq. (3) at 7 = 0. This yields
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Figure 1. (a): Spin dynamics in a 4 nm wide Zng.g3Mng g7Se quantum well with 7 ~ 0.67 ps~—*

with Gaussian excitaton at hw = 0 and standard deviation A = 0.4 meV (same as in Ref. [2])
according to the full quantum kinetic theory (QKT), the differential transform method (DTM,
from Eq. (4)) and the Markov limit. (b): Time evloution of the spin of single electrons with
fixed energies hw = hng, compared with the Markov limit and the expression in Eq. (5) for the
low-¢ approximation. The spectrally resolved time evolution of the spin polarization is shown
in (c) for the DTM calculation, and in (d) for the QKT (cf. Ref. [2]).

a recursion relation between the derivatives of ®;:

(1) _ _1g6=1) 1 (=D™ ¢(2m+1) g (i—2—2m)
P = 67] £ P , 4
3 27¢ s OSQmZSi—2 2m+1 I3 ( )

where @éz)
is very efficient and ®¢(7) can be calculated to high orders by substituting the derivatives into
the Taylor expansion. We refer to this algorithm as the DTM calculation.

It is noteworthy that from the recursion relation (4) closed expressions can be derived for

is the i-th derivative of ®¢ evaluated at 7 = 0. The numerical evaluation of Eq. (4)

®¢(7) to a certain order in the ratio & by combinatoric analysis of the paths from @éo) =1to

@én) and comparing the Taylor series with that of known functions. E. g., to second order in &,
we find:

™

2
De(r) =e 2 + S[(27 +4)e7 5 — 4] + <5> [(272 +167 +48)e”2 + 87 — 48| + O(€3)  (5)
which should be valid for excitations near the band edge where £ < 1 can be fulfilled.

4. Results

To check the validity of the approximation of neglecting the last term of Eq. (1), we compare the
DTM calculation with the results of a full quantum kinetic treatment. Fig. 1(a) shows that the
non-Markovian dynamics of the total spin given in Fig. 1(b) of Ref.[2] can be reproduced almost
perfectly with the DTM calculation. Also, the time evolution of an individual spin of an electron
with energy Aw; is very similar in both calculations except for a high-energy tail appearing in the
full quantum kinetic result, as can be seen from the spectrally resolved time evolution presented
in Figs. 1(c) and (d) for DTM and QKT calculations, respectively. This finding confirms that
Eq. (3) indeed captures the main non-Markovian features of the full quantum kinetic theory.
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Fig. 1(b) shows the results of the DTM calculation for different values of . For £ = 0, the
dynamics is given by an exponential decay with half the rate 7, as can be seen also in the low-¢
approximation in Eq. (5). For larger values of £, the decay rate approaches n and oscillations
start to appear whose amplitudes eventually decrease for even larger values of &, where the
time evolution converges to the exponential decay of the Markov limit (w; — o0). Thus, the
non-Markovian features are only present if the approximation & > 7 breaks down, i. e., if the
excited electrons are spectrally close to the band edge, where the characteristic energy scale is
given by hn.

This can easily be understood if another derivation of the Markov limit starting from Eq. (1)
is considered. If the assumption of a vanishing memory is made and on the r. h. s. the functions
sw(t') are evaluated at ¢ = t, we can first integrate over dt’ and then over dw. Calculating the
first interal gives

s () = =2 [ a4 2u0) — s ()] )

Using again the fact that lim;_,o Sin[AAwwﬂ — 7m0 (Aw), one again ends up with the Markov limit.

For finite time ¢, however, the integral kernel is not yet contracted to a d-distribution and the
sin[Awt]
A

finite integral limits cut off tails of the function. This cut-off is particularly significant,
if the peak of the integral kernel, which is given by w; is close to one of the integral limits.

Furthermore, it can be seen in Fig. 1(b) that the low-¢ approximation in Eq. (5) yields
reasonable results for & = 0.5 for the initial exponential decay while it fails to reproduce the
long-term oscillations.

5. Conclusion

The non-Markovian overshoots and oscillations in the time evolution of the carrier spins in DMS
found in a quantum kinetic theory can be reproduced by integro-differential equation of a much
simpler form that also simplifies the interpretation considerably. A differential transform method
(DTM) is employed to solve the resulting equation and allows to find closed-form expressions
for low excitation energies of electrons.

It is found that a non-exponential behaviour of the time evolution of the electron spin is
only present for electrons excited close to the band edge, where the decay predicted by the
rate and the oscillations with frequency corresponding to the electron energies take place on
the same time scale. Technically, this is due to the fact that a sinc-function that converges to
a d-distribution in the Markov limit is cut off by the band edge. It is noteworthy that similar
time evolutions have also been found in different setups, e. g., for the hole spin dynamics due
to phonon scattering in a GaAs quantum well when the scattering rate is close to the phonon
frequency[6].
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The effects of carrier-impurity correlations due to a Kondo-like spin-spin interaction in diluted magnetic
semiconductors are investigated. These correlations are not only responsible for a transfer of spins between the
carriers and the impurities, but also produce nonperturbative effects in the spin dynamics such as renormalization
of the precession frequency of the carrier spins, which can reach values of several percent in CdMnTe quantum
wells. In two-dimensional systems, the precession frequency renormalization for a single electron spin with
defined wave vector shows logarithmic divergences similar to those also known from the Kondo problem
in metals. For smooth electron distributions, however, the divergences disappear due to the integrability of
the logarithm. A possible dephasing mechanism caused by the wave-vector dependence of the electron spin
precession frequencies is found to be of minor importance compared to the spin transfer from the carrier to the
impurity system. In the Markov limit of the theory, an expression for the stationary carrier-impurity correlation
energy can be deduced indicating the formation of weakly correlated carrier-impurity states with binding energies

in the eV range.

DOI: 10.1103/PhysRevB.93.035206

I. INTRODUCTION

A perturbative treatment of the interaction between
quasifree electrons in a metal with localized magnetic im-
purities predicts logarithmic divergences in several quantities
such as resistivity and entropy at zero temperature [1,2]. This
finding, the Kondo effect, is a famous example of a situation
where perturbation theory leads to unphysical conclusions,
whereas the measured values of the resistivity assume finite
values. The Kondo problem, i.e., the question of how to
properly describe the low-temperature limit of a system with
a spin dependent carrier-impurity interaction theoretically,
has opened up a wide field of physics. Although the Kondo
problem, as it was originally formulated, has been solved
[2], the Kondo physics experienced a revival since it has
become possible to study experimentally similar problems in
other systems, e.g., structures where quantum dots play the
role of the magnetic impurities [3—12]. The common feature
in these systems is that a microscopic exchange coupling
gives rise to an effective Kondo Hamiltonian that assumes the
form of a spin-spin contact interaction between the quasifree
carriers and the localized magnetic impurities, or quantum
dots, respectively.

Other systems which are usually modeled by a Kondo-like
Hamiltonian are diluted magnetic semiconductors (DMS)
where typically II-VI or III-V semiconductors are doped with
magnetic impurities, usually Mn which effectively forms a
spin—% system. These materials have been studied extensively
in the last decades [13-34] due to their optical and magnetic
properties which make them promising candidates for future
spintronics devices [35-37]. However, quantum mechanical
correlations between the carriers and impurities in DMS,
which are crucial for the Kondo effect, have so far not
been investigated thoroughly, since a vast number of inter-
esting effects, such as collective modes in the coherent spin
precession of carriers and impurities [38], carrier mediated
RKKY interaction [39] leading to a ferromagnetic order in

2469-9950/2016/93(3)/035206(10)
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DMS [35], and bound or free magnetic polarons [40—47],
can already be found using a semiclassical or mean-field
approximation, where the carrier-impurity correlations are
disregarded. It has been argued in the literature [48] that
Kondo-type correlation effects are different in DMS than in
magnetically doped metals because in the latter only a few
magnetic impurities and a huge number of quasifree carriers
are present in the metal, whereas in the former case, in
particular in the case of (intrinsic) II-VI DMS, the number
of impurities usually exceeds the number of carriers. On the
other hand, a third-order many-body perturbation theory based
on the pseudofermion formalism [49] reveals Kondo-like
divergences in the propagator for the spin dynamics in DMS
due to the hole-impurity exchange interaction. From this it was
concluded that the carrier-impurity correlations should in fact
be important for the dynamics in DMS.

The main goal of the present article is to calculate and
discuss the magnitude of the additional effects arising in the
description of DMS, when the carrier-impurity correlations
are explicitly accounted for. It is assumed that only optically
induced spin polarized carriers are present, which interact
with magnetic impurities via the s-d exchange interaction.
This assumption is particularly well met in II-VI DMS like
CdMnTe, whereas the correlation effects might be modified in
other DMS materials like GaMnAs due to Coulomb effects.
We base our study on a microscopic quantum kinetic theory
derived by a correlation expansion scheme [50] that is capable
of a nonperturbative description of highly nonequilibrium
situations. One aspect of the effects of the carrier-impurity
correlations on the spin dynamics has already been found in
previous works [51-55]: The correlations mediate the transfer
of spins between the carriers and the impurities. Since in
the Markovian limit the quantum kinetic theory contains the
special case of rate equations which can also be derived by
a Fermi’s golden rule approach [51], this spin transfer can,
in fact, be treated perturbatively [56]. Note that in some
situations, e.g., for excitations close to the band edge in two-

©2016 American Physical Society
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and lower-dimensional DMS [57], the Markov limit is not a
good approximation so that deviations from a golden-rule-like
exponential decay are predicted.

In the present study we show that the carrier-impurity
correlations are also responsible for another effect in the spin
dynamics that is not predicted by a perturbative method: a
renormalization of the precession frequency of carrier spins
compared with its mean-field value. It is shown that the
frequency renormalization contains logarithmic divergences in
the Markov limit in two-dimensional systems similar to those
known from diluted magnetic metallic alloys [58]. However,
here we find that these divergences never lead to unphysical
results in the spin dynamics. This is, first of all, due to the
fact that the singularities are integrable and yield finite values
for a nonsingular spectral electron distribution. Moreover, the
divergence in the frequency renormalization is only found
for t — oo where the amplitude of the precessing electron
spin has already decayed to zero. The Markov limit of the
quantum kinetic theory also allows to find an expression
for the carrier-impurity correlation energy which shows a
similar behavior as the frequency renormalization, including
Kondo-like logarithmic divergences in the two-dimensional
case.

The article is structured as follows: First, the quantum
kinetic theory is briefly reviewed as well as effective PESC
(precession of electron spins and correlations) equations [54]
based on the quantum kinetic theory. Then, the frequency
renormalization described by the PESC equations is calculated
and compared with the result of a Markovian approximation to
the PESC equations in two and three dimensions. A possible
electron spin dephasing mechanism due to the wave vector
dependence of the frequency renormalization is discussed.
Finally, we investigate the mean carrier-impurity correlation
energy.

II. THEORY
A. System

The Hamiltonian for conduction band electrons in DMS is
modeled by

H = Hy + Hg, (la)
Hy = )~ hoxclyCois (1b)
ko

Jea . o N
T i(k'—Kk)R 1
Hy === § Sun * SoorCyCone®TRIPL T (10)

Inn'kKk'co’

where H, describes the band structure and Hgy is the Kondo
Hamiltonian which originates from the exchange interaction
between the s-type conduction band electrons and the d
electrons of the magnetic ions. Throughout this article we

. . 2
assume a parabolic band structure with wx = Zﬁ* , Where m*

is the effective mass. Jyq and V are the coupling constant

and volume of the DMS and clk and ¢,k are the creation
and annihilation operators for electrons with spin index o
and wave vector k. R; is the position of the /th magnetic
impurity and P!, = |I,n)(I,n’| are the projection operators
corresponding to the spin state of the /th impurity, e.g., for
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spin-3 Mn impurities,n = {—3, — 3, ...

the spin matrices for spin—% and % systems, respectively.

,%}. S, and s, are

B. Equations of motion

A microscopic quantum kinetic theory based on a corre-
lation expansion scheme was constructed in Ref. [50], where
equations of motion have been derived for the electron and
impurity density matrices C;’, and M,;? as well as their
correlations which are defined by

Co = {e] o) (2a)
My = (P ), (2b)

k i(kob—k)R; HI
Q7 = V(e | cope ™R RPL N1 — b k). (20)

where the brackets denote the quantum mechanical average as
well as an average over spatially homogeneously distributed
impurities [59]. From the assumption of a homogeneous
distribution it also follows that off-diagonal elements of the
carrier density matrix with respect to k average out, so that
the electron density matrix in Eq. (2a) can be addressed by a
single k index. The fact that the localized s-d interaction breaks
the translational invariance of the system manifests itself in the
theory, e.g., in a redistribution of carriers in k space [50]. The
equations of motion for these dynamical variables are given in
Ref. [53].

The full quantum kinetic equations are lengthy and their
solution requires considerable numerical effort. However, it
was found in Ref. [54] that they can be drastically simplified
in the case where the number of impurity ions Ny, is much
larger than the number of the quasifree electrons N,. This is
usually fulfilled especially in II-VI DMS where the magnetic
doping with Mn does not simultaneously lead to p or n doping
and the carriers stem exclusively from optical excitation. To
understand the effective equations derived in Ref. [54] it is
instructive to first consider the mean-field dynamics for the
Spin Sk = Y, .. S0,0,Coy Of electrons with wave vector k
and the impurities (S) = Zmnz Snin,My?. In the mean-field
approximation, i.e., if the correlations are neglected, one finds

d

_ — , 3
3[Sk " Wy X Sk (3a)
0 1 0
—(S =— — , 3b
7S NMngatsk . (3b)

where w); := J—;‘;‘nMn (S). Equation (3b) follows from the total
spin conservation of the Kondo Hamiltonian. In the case
Ny > N, the change of the impurity spin is marginal and
can therefore be neglected. The precession of the electron
spin around the mean field due to the impurity magnetization,
on the other hand, is in general important. Equation (3a) is

solved by
sk = Ris)(@p1)sy, 4)

where Rp(«) is the matrix describing a rotation around the
vector n with angle « and the precession frequency wy =
@y - (S)/1(S)| is defined so that it has the same sign as the
coupling constant Jyq. In the mean-field approximation s, is

035206-2
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constant. However, if we also account for the carrier-impurity
correlations, s, changes slowly in time and constitutes the
electron spin in arotating frame. If the correlations are formally
integrated and inserted into the corresponding equations of
motion for the electron variables, the effective equations for
the electron spin component s’ ]f] perpendicular to the impurity
magnetization can be given as [54]

wg, —Wpm b+ 0
=—Z Re(Go' ) 5 —bnk skl

k

w] , b7
+Re(Goy' " M)< 2 +b0”k>skl

1
—Skl
ot

o bl
FRe(GI) (5 45 )}

(S) G® bT
S [ ) (% -l

Wk, +op b_ L
— Im(Gon )(? + bon]ﬁﬂs i (5)
The coefficients in Eq. (5) are given by b* := (S1°) £ <52H>,
b= % and bl := (S” ), where the component of the

impurity spin operator in the direction of the mean impurity

spinis S1 := 8- L and the relevant second moments of the

impurity spin operator can be separated into parallel (S 12 )

and perpendicular parts (SJ- ) = (52
function

S”z). The memory

G‘Ukl o J_Sd% /0 dt/ei(a)k*wklt,) (6)
TRV
has to be interpreted as an integral operator and the time-
dependent variables that appear after GZ::' in Eq. (§) are
evaluated at ¢'. Finally, n M ¥ are the occupation numbers of
the states with wave- Vector k, i.e., the diagonal elements of
the density matrix with respect to the spin indices. Equation
(5) together with the corresponding equations for nM v given
in Ref. [54] are called precession of electron spins and cor-
relations (PESC) equations, since besides the electron spins,
ak; | ornsky
also the correlations Q> =3 > . S0, - Sy Qoryik,
exhibit a precessmnhke movement around the mean field due
to the impurity magnetization. Note that Eq. (5) is equivalent
to the full quantum kinetic theory of Ref. [50] except that
some source terms for the correlations are neglected that are
numerically insignificant (cf. Ref. [54] for details).

Equation (5) is only complicated and numerically challeng-
ing due to the time integral induced by the memory function
Ggi‘ . Now, working in the rotating frame allows us to assume
that the electron variables change only slowly in time and
can equally well be evaluated at ¢ instead of ¢'. The memory
integral consists then only of

0

. ! 1
/dt’ O~ (o — ox) —iP——, (7
—t

Wk — a)kl

where P is the Cauchy principal value. The Markov approx-
imation (7) was established by letting t — oo in the lower
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limit of the integral and using the Sokhotski-Plemelj theorem.
The validity of the Markovian approximation can in general
depend on the values of k, ki, ¢ as well as the time scale of
the change of the electron variables and therefore has to be
checked numerically.

If only the real part of the memory function is used in
Markov approximation and the imaginary part is neglected,
the PESC equations assume a golden-rule-type form, where the
spin transfer dynamics follows approximately an exponential
decay to the equilibrium value with rate

2
Jsdn Mn

1 o
(t1) 2V

bt b~
7| D(wy — CUM)? + D(w; + wM)?

+ D(U)l)b”] ®)

for an electron with kinetic energy wy, if the terms of second
order of the electron variables in Eq. (5) are neglected [54]. In
the expression for the rate, D(w) describes the spectral density
of states and depends on the dimensionality of the system.

C. Frequency renormalization in the Markov limit

One issue that we would like to focus on in the present work
is the change in the precession frequency described in Eq. (5)
by the terms proportional to the imaginary part of the memory
function. Such a renormalization of the precession frequency
would be absent in any truncated perturbative approach [60].
It originates, like the spin transfer described by the real part of
the memory function, from the carrier-impurity correlations.

It is noteworthy that the frequency renormalization is
singular in the Markov limit described in Eq. (7), i.e., the
imaginary part of the memory function GZi‘ diverges if
wkx = wg,. However, this divergence does not lead to an
unphysical behavior. First of all, the divergence is a feature
of the Markovian limit. For finite times #, the left-hand side
of Eq. (7) is a finite integral over an analytic function and is
therefore itself analytic. For wx = wy,, the value of the integral
is ¢ which only goes to infinity in the Markov limit. As only
the electron spin component perpendicular to the impurity
magnetization is affected by the frequency renormalization
and this component decays approximately exponentially to
zero, an infinite precession frequency is never observable.

Similar to the Markovian spin transfer rate in Eq. (8), an
expression for the frequency renormalization Aw can be given
in the Markov limit of Eq. (5), if the imaginary part of Eq. (7)
is used:

Ja nvn [P
Aw(w) = h—;’% / do D()
0

X[E 1 _b; 1 i|
2 w— (v —wy) 2 w— (w1 +oy)]
9)

where, for the sake of simplicity, the terms proportional to n/¥
in Eq. (5) were neglected, since they only matter if a large
number of carriers is present. In two-dimensional systems,
the spectral density of states D*°(w) = 42 ©(w) is constant,
where A is the sample area and O(x) is the step function. In

. 3/2
three dimensions, D3P (w) = 4”2 ’;z ) / /@ O(w) is propor-
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tional to the square root of w. The corresponding frequency
renormalizations are

Aoy = T m” (DT | e —ow
2 d 2xh| 2 wrz — (w1 — wy)
.
__m‘—‘”‘“’M } (102)
2 wpz — (w1 + wy)

where d = V /A is the quantum well width, and

Aa)3D(CU1) = L*zann <2m*>3/2 /wﬂz »
h? 4z \ h |

N

2 w—(0—wy) 2 w— (0 +wy)

(10b)
with
/sz dw Vo
0 w — Wo
_ Iz\/w—Bz— oo In | atens | wo > 0, (100
2 /wpz — 24/wo] tan™! (%Zl), wo < 0.

It should be noted that in two and three dimensions the
frequency renormalization depends explicitly on the frequency
wpz, Which corresponds to the energy at the end of the
first Brillouin zone, and diverges in the limit wpz — oo.
For typical pump-probe experiments with diluted magnetic
semiconductors, carriers are optically excited relatively close
to the band edge. For the excited electrons, one can safely
assume w; £ wy K wpz. In this case, we find a logarithmic
dependence on wgy in the two-dimensional frequency renor-
malization.

With the same assumption also the integral in Eq. (10c) for
the three-dimensional renormalization can be simplified to

/ da)«/5
0

w — W

~ 2/ wpz — T/ |wo|O(=wp).  (11)

Thus, we find a square-root dependence of the frequency
renormalization on the cut-off frequency wgz, as well as
a square-root dependence on wy = w; £ wy which only
contributes if wq is negative.

The divergence in the limit wgy — 0o is similar to the
metallic Kondo effect where the divergence in the resistivity
is also logarithmic in the bandwidth [2]. An effective spin-
dependent Hamiltonian leading to a carrier spin precession
which diverges logarithmically with the bandwidth has also
been derived in Ref. [58] in the formulation a theory of
spin resonance in diluted magnetic metallic alloys which is
based on a Kadanoff-Baym-like gradient expansion combined
with a Markovian approximation and the assumption of
a thermal electron distribution. The fact that the metallic
problem resembles rather the two-dimensional than the three-
dimensional case in DMS originates from both systems being
modeled by a constant density of states.

It is noteworthy that the divergence of the frequency renor-
malization at wy = w; & wy, vanishes in the three-dimensional
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case due to the integral over the density of states. In two-
dimensional systems, a diverging frequency renormalization
remains, but only for electrons with a unique value of the
kinetic energy. For realistic optical excitation, however, a
smooth spectral electron distribution can be expected so that
the change of the total precession frequency comprises an
averaging over frequency renormalizations of nearby states.
Since the logarithmic divergence is integrable, the total
frequency renormalization remains finite.

III. NUMERICAL CALCULATIONS

In order to check the validity of the Markov approximation
for the renormalization of the precession frequency of the
electrons, we compare the Markov result with calculations,
where the memory is taken into account explicitly. It seems
straightforward to use Eq. (5) with the time-integral operator
Gﬁi' defined in Eq. (6) and solve the integrodifferential
equations numerically. This is, however, a very challenging
problem for the following reasons.

From the Markovian expression for the frequency renor-
malization, we find the explicit dependence on the value of
the cut-off energy hAwgz. Therefore, also oscillations with
frequencies close to wpz have to be resolved, which are on
the time scale of a few femtoseconds since hwgz is in the
eV range. On the other hand, relevant changes of the total
electron spin takes place in the 10—100 ps range. Furthermore,
for each time step the calculation of each s{(Jl- requires a
sum over all possible k states so that the problem has the
complexity O(Nkz), where Ny is the number of discretization
points for the k space. Note that also in k space, the details
of excitations close to the band edge in the meV range as
well as the full Brillouin zone up to energies of a few eV
have to be resolved. Such a problem also arises in the metallic
Kondo effect where numerical procedures, such as the famous
renormalization group [61], have been developed to deal with
the large value of the bandwidth [2]. Note that solving the inte-
grodifferential equation by finding an auxiliary variable, so that
the problem can be transformed into an ordinary differential
equation, is equivalent to using the original quantum Kkinetic
theory [54].

Here we solve this problem by using approximations that
allow a separation of electron spins with different wave vectors,
so that we find a O (N;) problem for an individual electron with
wave vector k. First of all, it is noteworthy that s{(Ll in Eq. (5)

couples to the occupations nlt/ v of states with different wave
vectors k. These terms, however, are of second order in electron
variables and have a marginal effect on the dynamics of the
perpendicular spin component [54], especially if the electron
density is small, as is usually the case for optically excited
carriers. Neglecting these terms, we can formulate equations
of motion for the complex perpendicular electron spin variable
(in the rotating frame):

;. ’ .y
Sk, = Sk, +isg,, (12)

where it is assumed that the impurity magnetization points
in the z direction. Then, the PESC-equations (5) assume the
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form

Jann /t
S| dr’
v,

k

Sk,()_

bt .
- t'—t) ./
x { 5 e lex—(@r —om))(t'=1) ¢ (t)

b- _. ‘
4 Te*l[wk*(wkl +aou))(t *t)sl/(l ([/)

bl
2 cos [ — an )¢ — ][50 + s,;l(f)]}.
(13)

It can be seen immediately from Eq. (13) that in the equation
for 51/(,7 electron variables of states with other wave vectors
only enter in the last term, i.e., the term proportional to sy (') +
sk, ('). Note that a time integration of cos[(wx — wi,)(t" — 1)]
sin[(wg—wk, )]
(wg—w; )t
Thus, if the electron spin distribution is assumed to be a smooth
function in k space, the main contribution of the last term in
Eq. (13) will be approximately the same if we set

yields which has a pronounced peak at wy = wy, .

se(t) & sy (1). (14)

This approximation was shown to reproduce the non-
Markovian features of the spin transfer in Ref. [57]. Also,
in contrast to the other terms, the last term of Eq. (13), where
the approximation is used, does not influence the frequency
renormalization, due to the absence of an imaginary part of
the oscillating prefactor cos[(wx — wk,)(t' — 1)]. Now, with
the help of approximation (14), we end up with completely
decoupled equations for the spins s{(] of electrons with different
wave vectors k.

Finally, it is useful for the numerical solution of the inte-
grodifferential equation (13) to transform it into an ordinary
differential equation using auxiliary variables G{(Ik:

d NMn
?;ﬂ = Sd ZMn ZZ DK)Gy . (152)
9 . : i, b,
EGk‘k = o‘,-l(a)k — wx, + ijM)lek + ?skl (15b)
with
Gj:{lv_lsls_]}’ (]SC)
x; = {1, —1,0,0}, (15d)
b; = {b*,b7 bl ,bl}, (15¢)

and initial conditions Gy , = 0 for z = 0. This reflects the fact
that before the preparation (e.g., optical excitation) there are
no free carriers available and therefore the carrier-impurity
correlations should initially be zero. Calculating the dynamics
of a single electron spin using Egs. (15) has the complexity
O(Ny) and can be done without the need for a numerical
renormalization group procedure.
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IV. RESULTS FOR THE FREQUENCY
RENORMALIZATION

The parameters used for the numerical calculations de-
scribe a Cdy 93Mny o7 Te sample with coupling constant Jyq =
—15 meV nm?, effective mass m* = 0.093mg [62], where my
is the free electron mass, and, in the case of a two-dimensional
system, a quantum well width of d =5 nm. The cut-off
energy was taken to be hwpz =3 eV. The initial impurity
magnetization was modeled to be thermally distributed and
is therefore completely defined by the mean value (S!) €
[-3; 31

%’Ve2 assume that electrons have been spin selectively
prepared by optical excitation with circularly polarized light
so that the initial electron spin is perpendicular to the initial
impurity magnetization (Voigt geometry). Equations (15) are
used to calculate the finite-memory spin dynamics for electrons
with a defined wave vector k; or, equivalently, kinetic energy

R2k?
hwl =3 *I

s (1) ~ spr (0)e ™™ cos(wiy 1) (16)

is fit to the non-Markovian spin dynamics in order to find a
value for the effective decay rate rIl (w1) and the precession
frequency w,(w;). The relative renormalization of the preces-
sion frequency is given by 22 with Aw = ), — wy.

Figure 1 shows the relative frequency renormalization
obtained from a fit to the non-Markovian calculation and the
corresponding Markovian result for a §-like initial spectral
electron distribution as a function of the kinetic energy hw.
First of all, it can be seen that in three-dimensional as well as in
two-dimensional systems the Markovian and non-Markovian
results coincide. In the three-dimensional case, the square-root
energy dependence of the renormalization for w; < wy can

35 0.005 } .
g
= 0t .
<
=
= -0.005 .
g i
3 2
§ -0.01 L -
£ 0015 | :
5 ¥ 2D|§S§}:005 .
S .0.02 T Markov 2D |(S ! _0002 i
= o =
) H Markov 2D §S§| =0.5
iz -0.025 px D[(S}| =05 o ]
= Markov 3D [(S)| = 0.5
£ -0.03 & .

0 5 10 15 20 25 30 35 40

kinetic energy hw; [meV]

FIG. 1. Dependence of the relative frequency renormalization %
on the kinetic electron energy for two- and three-dimensional systen;Ys
according to the calculation including a finite memory [Eqgs. (15)]
(points) and in the Markov limit [Egs. (10)] (lines) for different values
of the average impurity spin |(S)| (in units of h).
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FIG. 2. Spin transfer rate 7;' in Markov approximation (line)
according to Eq. (8) and exponential fit to the calculation including
a finite memory (crosses) using Eqs. (15) for [(S)| = 0.05 in a two-
dimensional system.

be seen clearly, while in two dimensions, the logarithmic
divergence at w; = wys is apparent. The positive relative
frequency renormalization in three dimensions describes an
increase in the modulus of the precession frequency. In
two dimensions, the slightly positive background of the
renormalization is overcompensated by a negative value in
the region around the divergence.

In Fig. 2 the spin transfer rate according to the Markov
approximation is compared with the value obtained by the
exponential fit to the non-Markovian result for a calculation
with [(S)| = 0.05 in two dimensions. The step in the rate ‘L'Il at
w = wy, which is predicted in the Markov limit [cf. Eq. (8)],
is found to be slightly rounded off in the non-Markovian
calculation, but the deviations between both results are rather
small.

In order to find an estimate for the strength of the change
of the precession frequency for a more realistic electron
distribution, Fig. 3 shows the relative precession frequency
renormalization as a function of the average impurity spin
where the initial spectral electron distribution [cf. inset of
Fig. 3] was assumed to be Gaussian with center at E. = hwy,
and standard deviation E; = 1 meV (0.1 meV) corresponding
to a full width at half maximum (FWHM) of ~2.35 meV
(0.235 meV) or a Gaussian envelope of an exciting laser pulse
with a duration (FWHM) of 2140 fs (1.4 ps). The calculations
for Fig. 3 were performed using the 2D Markovian expression
for the rates in Eq. (8) and the renormalized precession
frequencies in Eq. (10a). It can be seen that the magnitude
of the frequency renormalization can reach values of several
percent of the mean-field precession frequency and is negative
for small values of |(S)|. For larger values of the impurity
magnetization, the frequency renormalization approaches a
small positive value. One could expect that the narrower
electron distribution (E; = 0.1 meV) is closer to the §-like
case than the wider distribution (E; = 1 meV) and therefore
the frequency renormalization should be more pronounced.
However, it can be seen from Fig. 3 that this is only the
case for very low values of [(S)| (below 0.01 in the case
studied here). For higher values of the impurity magnetization,
the relative frequency renormalization approaches the positive
background much faster in the calculations with the narrower
electron distribution.

PHYSICAL REVIEW B 93, 035206 (2016)

0.02 + '

"Ey=1meV + -
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FIG. 3. Relative frequency renormalization 5—‘“ in a two-
dimensional system for a Gaussian spectral electron distribution
centered at E, = hwy with standard deviations of £, = 1 meV and
E; = 0.1 meV, respectively. The initial electron distribution as a
function of the kinetic energy is visualized in the inset as the blue
dash-dotted line (E; = 1 meV) and green dotted line (E; = 0.1 meV)
together with the corresponding frequency renormalization for §-like
excitations (red line) for |(S)| = 0.05.

Note that in order to be able to measure or fit a precession
frequency, at least one period of the oscillations should be vis-
ible before the spin polarization is decayed. Thus, the minimal
value of the impurity magnetization, where one can reasonably
deduce a precession frequency from the time evolution of the
spin polarization, is given by |wys| = tIl which yields, for the
parameters above, |(S)| 2 0.01. Therefore, we find that short
laser pulses with pulse durations of the order of 100 fs provide
the most promising configuration for experiments to measure
the frequency renormalization. Under these conditions the
precession frequency of the average spin could be directly
measured, e.g., by time-resolved Kerr or Faraday rotation.
According to our results, the precession frequency should be
reduced by about a few percent compared with the mean-field
value. We note in passing that Ref. [63] reported a measured
enhancement of the spin transfer rates by roughly a factor
of 5 compared with the value predicted theoretically for free
carriers. This increase can be attributed to the excitation of
excitons which implies that the total exciton mass replaces
the effective electron mass m* in the density of states [31,64].
While an explicit simulation involving excitonic effects is out
of the scope of the present paper, a similar enhancement of the
frequency renormalization should be expected recalling that
also the latter is proportional to the density of states.

Since the frequency renormalization depends on the kinetic
energy and therefore the wave vector of an electron, the
question arises, whether this dependence leads to a dephasing
of spins of electrons with different k vectors. To address
this question, we show in Fig. 4 the value of the rate rIl
obtained by an exponential fit to the time evolution of the
total carrier spin polarization, where the same Gaussian initial
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FIG. 4. Rate 7' obtained from an exponential fit for Gaussian
initial spectral electron distributions (cf. Fig. 3) as a function of the
average impurity spin with (blue dash-dotted line/green dotted line)
and without (red solid line) accounting for a renormalization of the
precession frequency.

electron distributions are used as in Fig. 3. It can be seen
that calculations, where the correlation induced frequency
renormalization is neglected, produce very similar decay rates
as calculations that account for this renormalization for most
of the possible values of the impurity magnetization. Only in
a regime where the impurity spin is small we find a slightly
larger value (S1%) of the rate at |(S)| ~ 0.05 for E; = 1 meV
and |(S)| ~ 0.005 for E; = 0.1 meV. This increasing decay
is the consequence of the dephasing of electron spins due to

|

3 +
(HE7) = St 33 0% = —h Y (Im{GZ:f‘“M}[%n

kk' a=1 k] kg

b~ 1 b+ 0

2 2 kT 9
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the k dependence of the frequency renormalization. Since the
expression for the rate in the Markov limit [cf. Eq. (8)] and the
frequency renormalization [cf. Eq. (10a)] depend on the same
parameters, this dephasing mechanism is always accompanied
by a genuine spin transfer between impurities and carriers that
is typically much faster than the dephasing itself.

V. CORRELATION ENERGY

Most studies on DMS which probe the energies of electrons
in DMS use the mean-field approximation [24] and describe
the effects of the impurity magnetization as a renormalization
of the electron g factor which is known as the giant Zeeman
effect [65]. If, however, the buildup of carrier-impurity correla-
tions is taken into account, the mean s-d exchange interaction
energy (Hy) will deviate from the mean-field value. The
correlation energy can, in principle, have an impact on the
thermodynamic properties of DMS which could help, e.g.,
in the description of the paramagnetic-ferromagnetic phase
transition in GaMnAs.

Since the derivation of the PESC-equations in Ref. [54] re-
quired finding explicit expressions for the correlations, we can
use this theory to get the correlation induced correction (Hg")
to the mean-field exchange interaction energy analytically:

Ju IR, A
(Hsd> = 78 ZSnn/sJU/(cikca/k/e K—kR, Pn[n/>
Inn’
oo'KK'
= Zthsk+< :(fr). (17)
k

Using the time-integral form of the correlations from
Ref. [54] we find

b= v B4y

4

Wk, —Wpy b [ b”
smfGin Y[ S, = Dok, + Sl +dt )]+ {62 STk, 4 0d) =l +nd 1)) a9

To understand Eq. (18) it is important to recall that the correlations typically build up on the time scale of a few femtosecond
[57], while the spin-up and spin-down occupations change on a picosecond time scale [51,54]. Thus, (HZ") is the stationary
value of the correlation energy for given values of adiabatically changing occupations nltl/ ¢

As in the discussion of the frequency renormalization, we neglect terms of second order in the electron variables and apply
the Markov approximation to find for the two-dimensional case

JZ Am* wpz— (wk, +@ wpz — (wg, — o — bl
(HE") ~ _ﬁ%iz In sz (0 +ou) b nl +1In| =2 (0x, — oum) btnl +In| 2Bk —(n) 40 )t
’ h V 2mh k [ + oy ! wg, — Wy ! Wk, 2 ! !
1
19)
[
The mathematical structure of the correlation energy (HJ') in (quantization axis) via
Eq. (19) is very similar to that of the frequency renormalization
in Eq. (9). To see this relation, it is helpful to express the Al = iy 4l (20)
. /4 . . kT 2 ki *
occupations ny * of the spin-up and spin-down subbands

in terms of the occupation ng, of both bands and the

. I . . . As it is common for spin-dependent single particle energies
spin component s, ~parallel to the impurity magnetization

like the Dresselhaus [66] or Rashba terms [67], one could
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expect that the spin-dependent part of the correlation energy
can be written as an effective magnetic field in which the
electron spins precess. This additional precession movement
could be made responsible for the frequency renormalization
discussed above. However, although the corresponding effec-
tive field due to the correlation energy has the same form
as the frequency renormalization, it is larger by a factor of
2. We attribute this to the fact that the correlation energy is
not an average over a Hermitian single particle operator, but
comprises multiparticle effects, where the naive identification
of an effective magnetic field can lead to incorrect predictions.

A particularly interesting and transparent case is that where
the impurity magentization (S) vanishes. Then, the correlation
energy takes the form

sz Mn | o, Am* WR7 — Wk
N = — X —(§)—— 1 }—" . (21
(Hi") = =5 = )27171;“ on M 2D

Thus, for (S) =0, we find a logarithmic divergence of the
correlation energy with respect to wgz — 00 and wi, — 0.In
both limits, the correlation energy is negative and independent
of the sign of the coupling constant Jy. Note that this is
different from the mean-field contribution to the interaction
energy which is proportional to Jy and therefore has a
different sign for a ferromagnetic or antiferromagnetic s-d
coupling. The negative correlation energy suggests that the
formation of correlated carrier-impurity states is energetically
favored, similar to the situation in metallic Kondo systems [2].
Again, we find that the divergence at wx, — 0 in Eq. (21) is
integrable so that the total correlation energy always assumes
finite values. To estimate the magnitude of the correlation
energy in the case where (S) =0 we consider a Gaussian
spectral electron distribution centered at the band edge with
standard deviation E; = 1 meV. For the parameters of the
Cdo.93Mng o7 Te quantum well discussed above, we find from
Eq. (21) a value of (HJ") ~ —1.8 ueV per electron. Thus, the
correlations can be destroyed by thermal fluctuations when the
temperature T exceeds 20 mK.

Note that, here, we describe the dynamic buildup of Kondo-
type correlated carrier-impurity states that takes place on a
short time scale after an initial preparation of a nonequilibrium
spin distribution. On a longer time scale (~100 ps) the
thermalization of excited carriers in DMS may lead to the
formation of, e.g., bound (BMP), free (FMP), or exciton (EMP)
magnetic polarons [30,40,46,47,68,69]. These states comprise
carriers whose wave functions are limited to a finite volume in
which the impurities are spin polarized. They become relevant,
if their total free energy is lower than that of free carriers in a
bath of homogeneously polarized ions. The treatment of such
effects is beyond the scope of the present study. However, from
the fact that the s-d interactions leads to correlation energies
in the peV range, while typical values of polaron binding
energies are several tens of meV [30], we can conclude that
a semiclassical treatment of Hy, which is usually the case
in the literature [30,40,46,47,68,69], is indeed justified for
thermodynamic considerations that become relevant on time
scales longer than those considered in this paper.
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VI. CONCLUSION

A microscopic quantum kinetic theory is employed to
describe the spin dynamics of carriers and magnetic impurities
in diluted magnetic semiconductors (DMS) accounting also for
the dynamics of the carrier-impurity correlations. The role of
the correlations is examined to shed light into the controversy
about their importance: While some authors assume that the
Kondo physics due to carrier-impurity correlation is of minor
importance [48], others [49] find divergences in a perturbative
treatment of the spin dynamics in DMS, similarly to the
appearance of divergences found in the metallic Kondo effect
[1,58]. In the present study, we find that the correlations,
besides mediating the spin transfer between carriers and
impurities, are also responsible for a renormalization of the
precession frequency.

We find by numerical simulations that simple Markovian
expressions reproduce well the frequency renormalization
obtained by using the quantum kinetic theory. The numerical
calculations as well as the Markovian expressions predict that
the frequency renormalization is small in three-dimensional
DMS but diverges logarithmically in two-dimensional systems
for electrons with a specific kinetic energy. However, we
find that these divergences are integrable when a nonsingular
electron distribution is considered, so that for realistic optical
excitation scenarios the average frequency renormalization can
reach values of up to a few percent. Since in these cases the
relative frequency renormalization is negative, the precession
frequency of the electron spin is reduced.

Although the k dependence of the frequency renormal-
ization can in principle lead to a dephasing of carrier spins,
the spin transfer from the carriers to the impurities is usually
much faster, so that this dephasing mechanism yields only
very small corrections to the total decay of the carrier
spin.

In order to experimentally probe the correlation induced
frequency renormalization, the spectral features of the laser
pulse have to be precisely controlled. Furthermore, it was
reported [70] that an antiferromagnetic impurity-impurity
interaction influences the thermal equilibrium value of the
Mn magnetization, which in turn changes the measured
electron spin precession frequency. Therefore, it is common to
introduce a fitting parameter 7y and to describe the equilibrium
Mn magnetization by a Brillouin function with effective
temperature T = Tp + T, where T is the temperature of
the sample. This complicates the identification of correlation
induced changes in the precession frequency. To distinguish
both effects it is useful that in addition to the dependence
on the spectral position and shape of the exciting pulse,
the relative frequency renormalization due to the correlations
is independent of the impurity density, while the impurity-
impurity interaction depends on the mean distance between the
impurity ions and is not influenced by the excitation conditions.
Because of this and from the different parameters entering
the prefactor of the frequency renormalization, we find that
the most promising samples for experimentally accessing
the correlation induced frequency renormalization are very
narrow quantum wells with large effective masses and a large
coupling constant Jyq while the impurity concentration should
be relatively low. Also, we find that the spectral properties of
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ultrashort pulses with durations in the 100 fs range suit this
purpose.

The explicit expressions for the correlations in the Markov
limit also allow us to find a quasiequilibrium value for the
correlation energy in terms of carrier and impurity variables.
The form of the correlation energy is similar to the expression
for the frequency renormalization and hints towards the
appearance of Kondo-type correlated carrier-impurity states,
independent of the sign of the coupling constant, which builds
up dynamically on a femtosecond time scale after preparing an

PHYSICAL REVIEW B 93, 035206 (2016)

initial nonequilibrium spin distribution which is initially not
correlated.
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Erratum: Nonperturbative correlation effects in diluted magnetic semiconductors
[Phys. Rev. B 93, 035206 (2016)]

M. Cygorek, P. I. Tamborenea, and V. M. Axt
(Received 16 July 2016; published 17 August 2016)

DOI: 10.1103/PhysRevB.94.079906

The starting point of this paper is the equation of motion (5) for the carrier spin component perpendicular to the impurity
magnetization, which has been derived in Ref. [1]. In Eq. (5), a cross-product sign is not printed accurately. Furthermore, in
the derivation of this equation in Ref. [1], it was assumed that the effective magnetic field w,, for the carrier spins caused by
the impurity magnetization is parallel to the total impurity spin, i.e., the coupling constant Jy is positive. In the present paper,
however, this equation has been applied to the conduction band of CdTe where this condition is not fulfilled. To correct this error,
the corresponding equation of motion needs to be derived for an arbitrary sign of Jy. Toward that end, it is useful to define the
quantization axis (z) as pointing in the direction of w),. Then, also the spin-up and spin-down occupations nlt and nlt as well as
the parallel impurity spin operator ! = § - TonT M| in the definition of the factors »' in Eq. (5) should be defined with respect to the
direction of w,,. In this coordinate system, Eq. (5) should be replaced by [2]

I

ad o —ouy [ D o, oy (07 o\ D ; f
Es/t:—Z[Re(Gwi' )(2 b )sk—l—R(G o )<?+b0n,ﬁ) L Re(G k')z(shs;)}

+ _
e me (@)

As a consequence, using the equation derived in Ref. [1] with a negative value of Jyy led to the wrong sign of the relative
frequency renormalization ﬁ—‘“ in Figs. 1 and 3. Actually, the correlation-induced renormalization enhances the precession
frequency instead of decreasmg it, independently of the sign of Jy. The magnitude of the renormalization, however, is not
influenced.

Also, Eq. (6) has an error with parentheses. It should read

0
2
Gon = T M / dr’ el(mon)’, 6)

v

—t
Furthermore, a factor % is missing in Eq. (21). The corrected version of Eq. (21) is

< cor) Jii NVin (Sz> Am* WR7 — Wk,
=% v 5 n|———4
sd h V. 2 27h " wk,
1

‘nkl. Q1)

Also, due to an error in the computer program, the evaluation of the correlation energy according to Eq. (21) led to a wrong
value. For the situation described in this paper, the value of the average correlation energy per electron, (HS) /()" nk), is not
—1.8 ueV, but rather —0.34 meV, which corresponds to a temperature of 7 ~ 4 K.

The above errors have little influence on the conclusion about the frequency renormalization. While the sign of the frequency
renormalization has to be changed, the magnitude remains the same. However, the relatively large corrected value of the
correlation energy indicates that the carrier-impurity correlations are strong in low-temperature experiments and should therefore
not be neglected, as is usually done by invoking a semiclassical approximation [3-7].
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ABSTRACT

Non-Markovian quantum kinetic features, that cannot be captured by rate equations, have been predicted the-
oretically in the spin dynamics in diluted magnetic semiconductors excited with a circularly polarized laser. In
order to identify situations which are most promising for detecting the genuine quantum kinetic effects in future
experiments, we study numerically the strength of these effects for a number of different excitation conditions.
In particular, we show that laser pulse durations of the order of the spin-transfer rate or longer are well suited
for studying the non-Markovian effects. Furthermore, in the presence of an external magnetic field, the quantum
kinetic theory predicts a significantly different stationary value for the carrier spin polarization than Markovian
rate equations, which can be attributed to the build-up of strong carrier-impurity correlations.

Keywords: Spintronics, diluted magnetic semiconductors, spin dynamics, optical excitation, quantum kinetics

1. INTRODUCTION

Diluted magnetic semiconductors (DMS) provide the possibility to investigate novel physical features caused by
magnetic impurities in the well-studied field of semiconductor optics and transport.!® In particular, DMS het-
erostructures have been in the focus of investigations in recent years.? 1?2 Some of the static magnetic properties
in DMS, such as the giant Zeeman effect and the corresponding spin-splitting of carrier levels, can be explained
in the mean-field approximation, where the effects of the magnetic impurities on the carriers are regarded as a
homogeneous effective magnetic field.'> The spin dynamics in DMS is usually experimentally accessed by time-
resolved magneto-optical Kerr or Faraday measurements.” 415 These time-resolved experiments are typically
described theoretically in terms of rate equations!® 8 where the rates are calculated from Fermi’s golden rule.

In a series of papers,'? 26 we have developed a quantum kinetic description of the spin dynamics in DMS where

the carrier-impurity correlations, which build up because of the s/p-d carrier-impurity exchange interaction, are
explicitly taken into account. For zero magnetic field, the Markov limit of the quantum kinetic theory was
shown to coincide with rate equations that can be obtained using Fermi’s golden rule.??23:26 While in some
cases the full quantum kinetic treatment yields a spin dynamics very similar to that predicted by a golden-rule-
type description, pronounced deviations from the exponential time evolution of the spin have been identified in
some situations, especially in two dimensions for optical excitations very close to the band edge.?21:27 Thus,
these non-Markovian effects are sensitive to the details of the optical excitation. However, due to the numerical
demands, most of the quantum kinetic studies so far focus on the conduction band and the optical excitation is
modelled by the choice of an initial non-equilibrium carrier distribution. The optical excitation of a DMS with
a time-dependent laser field within the dipole approximation was taken explicitly into account on a quantum
kinetic level only in rare cases such as in Ref. 21.

For an experimental verification of the prediction of a non-Markovian carrier-impurity spin transfer, i. e.
dynamics that cannot be described by a simple rate equation approach, it is important to find a regime of
excitation conditions, where these effects are most pronounced. Especially important for experiments are the
properties of the laser pulse: If the pulse duration 77, is too short, i.e. the spectral width of the laser is large,
the excitation can no longer be concentrated on states at k = 0. If such broad distributions are taken as initial



carrier occupations, the quantum kinetic theory predicts the same behaviour as the rate equations.??2” On the
other hand, if the pulse is too long, the spin transfer between carriers and impurities is already significant during
the laser pulse and non-Markovian features might be smeared out. Also, in the presence of a magnetic field, the
originally spin-degenerate conduction band is split and an energy conserving scattering from an initial state with
wave vector k = 0 scatters to a state with finite kinetic energy. Recalling that quantum kinetic effects are most
pronounced near the band edge, the occupation of states with higher kinetic energy induced by a finite magnetic
field suggests that deviations from the predictions of rate equations should be smaller for higher values of the
magnetic field.

The goal of the present article is to provide a more comprehensive study of non-Markovian effects in the spin
dynamics in DMS for a broader set of parameters and initial conditions. In particular, we study the effects of
different pulse durations and external magnetic fields on the deviations of the quantum kinetic predictions from
the results of rate equations.

Indeed, we find that the non-Markovian effects nearly vanish for pulses much shorter than the carrier-impurity
spin transfer time, where rate equations turn out to provide a good approximation. For pulse durations of the
order of the spin transfer time, the non-Markovian effects, such as overshoots, predicted by initial value calcu-
lations are confirmed for the more realistic description, where the light-matter interaction is treated explicitly.
Surprisingly, the quantum kinetic features are still visible for much longer pulses and are not smoothed out, as
it might be expected.

The presence of an external magnetic field reduces the overshoots that are characteristic for non-Markovian
behavior. However, the stationary value of the spin polarization after the pulse is significantly different in both
approaches, which can be attributed to the build-up of strong carrier-impurity correlations in the quantum kinetic
theory.

The article is structured as follows: In section II, we briefly recapitulate the quantum kinetic theory of
Ref. 19 and its extension in the presence of an external magnetic field.2® In Section III we present quantum-
kinetic numerical calculations for different pulse durations and with and without external magnetic fields.

2. THEORY

The quantum kinetic equations for the spin dynamics in DMS in the absence of an external magnetic field have
been derived in Ref. 19, where the conduction and valence bands as well as the interband coherences have been
taken into account. The Zeeman energies have been accounted for in Ref. 26, but there, only the conduction band
has been considered and the optical excitation has been modelled by suitable non-equiblibirum initial carrier
occupations. Here, we present the full set of quantum kinetic equations of motion including both, the optical
excitation as well as the external magnetic field, on a quantum kinetic level.

2.1 Hamiltonian

A DMS quantum well in the presence of an external magnetic field is described by the total Hamiltonian

H =Hy + Hoq + Hypg + Hemy + Hy + H + HY™, (1a)
Hy=>»" Enchen + > Eoxd]ydo, (1b)
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where Hy denotes the crystal Hamiltonian and H.,, incorporates the light-matter interaction describing the
optical excitation of carriers in the semiconductor. The operators C(T) and d(k) annihilate (create) conduction
band electrons in the I-th subband or valence band holes in the v-th subband with wave vector k. Fp and Fy
describe the electron and hole band structures, E is the electric field of the light and M, is the transition dipole
moment between states in the v-th valence subband and the I-th conduction subband. The exchange interaction
between electrons and the magnetic impurities is described by Hq, where Jyq is the coupling constant, d is the
quantum well width, V' is the volume of the sample and Ry is the position of the I-th impurity ion. Similarly,

H,,q represents the coupling between holes and the magnetic impurities, where J,q is the corresponding coupling

constant for the valence band. The operator P,{m , = |1,n1) {1, na is the impurity density operator in the basis
spanned by the n;- th spin states of the /-th impurity, where n; € {— 2, %, ceey %} for spin—% magnetic impurities

like Mn. sf; and svlv2 are the electron (sp1n—§) and hole (spln—i) spin matrices and S,,,,, denotes the impurity
spin matrices. The Zeeman energies for electrons, holes and magnetic impurities in an external magnetic field
are Hg, HY and HY™, respectively.

2.2 Equations of motion

Starting from the Hamiltonian in Egs. (1a)—(le), quantum kinetic equations of motion have been derived in
Ref. 19 for the carrier and impurity density matrices and the carrier-impurity correlations™:

M2 =(Pl, ), (2a)
O, = i, o) (2b)
Dk, —(d} o1k Gvaks ) (2¢)
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where the brackets denote a quantum mechanical average as well as an average over a random distribution of
impurity positions R;.

Since the Zeeman energies (1f)—(1h) are single particle contributions and do not lead to a build-up of further
many-particle correlations, it is straightforward to include them into the quantum kinetic theory. Taking these
into account, the corresponding equations of motion for the variables defined in Eq. (2) in Ref. 19 are extended
to:
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*Here, we use a slightly more condensed, but equivalent notation for the carrier-impurity correlations compared to
Ref. 19.
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where Ny, is the total number of magnetic impurities in the DMS. The explicit expressions for the source terms
of the correlations are given in appendix A. The source terms can be classified as follows:?? the terms b” represent
interactions between the different correlations Q¢, @p and Qy via the light field. b/ are inhomogeneous source
terms that only depend on the single particle density matrices C, D, Y and M. bl are the homogeneous terms
that describe a precession-type motion of the correlations about the effective magnetic field provided by the
carrier and impurity magnetization as well as by the external magnetic field. These terms depend linearly on w,,
wy, and wy, and correlations with the same k-indices. The source terms b’/ comprise the interaction between
correlations with different k-indices.

2.3 Assumptions and approximations

The full numerical solution of Eqgs. (3) is very time consuming and it becomes necessary to introduce some
simplifying and physically meaningful assumptions in order to reduce the huge numerical demands. In the
present article, we focus on the situation of a narrow intrinsic paramagnetic DMS quantum well that is optically
excited by a pulse of circularly polarized light for various parameters and excitation conditions. This allows for
several simplifications:

(i) In an intrinsic DMS such as Mn-doped II-VI semiconductors like CdTe or ZnSe, the quasi-free carriers
stem exclusively from optical excitation. Thus, the number of quasi-free carriers N, is typically much smaller



than the number of magnetic impurities Ny,. Therefore, the impurities act like an effective spin bath for the
carriers and the change of the average impurity spin during the spin-transfer process is negligible,?? so that the
impurity density matrix M can be treated as constant in time.

(ii) In a typical narrow quantum well, the heavy- and light-hole bands are split, e.g., because of the different
effective masses and the confinement potential or due to strain effects.?® Here, we assume that the splitting is
large enough to prohibit transitions between heavy- and light-hole states and that the heavy hole band lies above
the light hole band. Confining our considerations to the basis set of conduction and heavy-hole bands, we find
that the total Hamiltonian is diagonal with respect to the heavy-hole subband indices v. Thus, for a narrow
well, the hole spin is pinned. Since the circular polarization of the light only couples to one of the heavy-hole
subbands, only this band is important for further calculations. Therefore, non-trivial spin dynamics after the
exciting laser pulse only takes place in the system of the conduction band electrons.

(iii) As we consider a situation where spin-orbit coupling is not important,? there is no preferred direction in
k-space. This allows us to regard all density matrices and correlations as depending on the corresponding wave
vectors k only via its modulus |k|. This reduces the dimensionality of the problem enormously.

(iv) The central frequency of the laser pulse, which is of the order of the band gap E,, is much larger than
any other energy scale in the system. It is therefore a good approximation to formulate the equations of motion
(3) in a rotating-wave picture with respect to the laser frequency wy, and neglect terms with frequency +2wry.

(v) It was found in earlier studies®? that the source terms b'/! are numerically insignificant. These terms
describe how correlations are influenced by other correlations with different wave vectors. Since the correlations
in general oscillate rapidly, the terms in b//! can be expected to interfere destructively which explains why these
terms have been found in Ref.?? to have little effects. We therefore neglect the source terms b’’’ in order to
reduce the computation time.

(vi) We assume that there are no quasi-free carriers before the pump pulse arrives so that the density matrices
C, D and Y as well as all correlations are zero for times t < 0, where t = 0 is defined by the center of the
pump pulse. For a paramagnetic DMS, the value of the impurity density matrix M is determined by the thermal
equilibrium with respect to the Zeeman energy H2™ for a given external magnetic field B, the impurity g-factor
grmn =~ 2 and the temperature T = 2 K.

2.4 Markov limit

Approximation (v), i.e. neglecting the source terms b’/ makes it possible to formally integrate the equations of
motion for the correlations (3e)—-(3g) and obtain expressions for the correlations, which have the form of memory
integrals over the values of the single-particle density matrices at earlier times. In the Markov limit, where it
is assumed that this memory is short, the quantum kinetic equations reduce to rate equations. For vanishing
magnetic field and impurity magnetization, this procedure gives the same results as Fermi’s golden rule.?6 Since
the goal of the present paper is to work out the conditions under which the quantum kinetic results deviate from
the Markovian rate equations, we also calculate the Markovian results in order to enable a direct comparison.
Note that, here, the Markovian approximation is applied only to the s-d interaction, whereas the light-matter
interaction is still taken into account fully coherently. The p-d interaction does not lead to a carrier-impurity
spin transfer in the approximation of a narrow quantum well with strong heavy-hole-light-hole splitting (ii).

For the derivation of the Markovian rate equations, the reader is referred to Ref. 26. For a formulation of the

rate equations, it is useful to define the spin-up and spin-down occupations nﬁ{ ¥ and the perpendicular carrier
spin si-l with respect to the quantization axis given by the external magnetic field direction e = % by:

1 1 l
nz :22(551112 T si,1,)C0,

l1l2

1
st i, — S, — ke, (52



where sy, == > si,1, Cllfkl is the average spin in the conduction band states with wave vector k;. In the Markov
limit, the confclrl;bution of the correlations to the equations of motion for the carrier variables are:26
i o =g 20— o = ) (54 = 0 =l
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with operators Sl = €S and S+% = %(52 — S“Z) and band energies hwy := Ejx. In Eq. (6b) the quantitatively
small correlation-induced renormalization of the spin precession frequency?* has been neglected.

Equations (6) can be understood as follows:?® The s-d interaction is responsible for spin-flip scattering
processes, where a spin-up electron becomes a spin-down electron and vice-versa, while an impurity spin flips
in the opposite direction. In this process, the energy hw, of the spin degree of freedom of a spin-up electron is
released and a quantum hwjs, has to be spent in order to flip the corresponding impurity spin. The magnetic
energy hwe — hwary, released in a spin-flip scattering process has to be accommodated by an increase of the
kinetic energy of the scattered electron of the same magnitude. This explains the arguments of the d-function

in Egs. (6). The terms (1 — nﬁ/ i) in Eq. (6a) account for Pauli blocking effects. The rate, i.e. the prefactor in

Eq. (6), depends on the value of the impurity spins. A stationary value of the occupations nl{ ¥ is reached when

spin-flip scattering processes from spin- up to spin-down states balance spin-flips in the opposite direction. The
perpendicular carrier spin component sk decays approximately exponentially towards zero.

Assuming a parabolic band structure we find for the Markovian rate equations
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If no external magnetic field is applied, a single spin transfer rate Tfl can be identified:
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where (S?) = % for a spin—g impurity system and d is the width of the quantum well.



Table 1. Material parameters for ZnSe [cf. Ref. 20] and CdTe [cf. Ref. 26]. ao: (cubic) lattice constant, m.: conduction
band effective mass, mnn: heavy-hole mass, Jsq: coupling constant for conduction band electrons, Jyq: coupling constant
for holes in the valence band.

aog | me | mun | Jsa | Jpa \
ZnSe | 0.567 nm | 0.21 mg | 1.44 mg | -12 meVnm?® | 60 meVnm?
CdTe | 0.648 nm | 0.1 mg | 0.7 mg | -15 meVnm?® | 60 meVnm?

3. RESULTS

We first consider a Cdg.g3Mng g7 Te quantum well excited with a Gaussian laser pulse with FWHM duration 77, =
1.7 ps and central frequency in resonance with the band gap. The material parameters used in our calculations
are listed in Table 1. The pulse characteristics have been chosen here as in a previous study of a 4 nm wide
Zng.93Mng g7Se quantum well?! which enables a conclusive comparison of the different materials. The time
evolution of the carrier spins resulting from the quantum kinetic theory is shown in Fig. 1(a) together with
mean-field and rate equation results. The corresponding curves for Zng g3Mng g7Se from Ref. 21 are included for
comparison in Fig. 2(d).

The carrier spin is normalized so that at long times t — oo a value of 1 corresponds to the maximal spin
polarization. For B = 0 and a paramagnetic impurity system, the s/p-d interaction has no effect whatsoever
in the mean-field approximation. Thus, the mean-field result simply tracks the build-up of carrier occupations
during the laser pulse. Similar to the ZnMnSe quantum well of Ref. 21, the differences between the results of
the quantum kinetic theory and the Markovian rate equaitions are the following: First, the spin transfer in the
quantum kinetic description is delayed with respect to the rate equations, so that the quantum kinetics follows the
mean-field curve more closely in the first few hundred fs. After that, the carrier spin according to the quantum
kinetic theory decreases faster than predicted by the rate equations and eventually leads to an overshoot, i.e. a
non-monotonic time trace of the electronic spin polarization which in the case shown in Fig. 1(a) first falls below
zero and then recovers.

Figure 1(b) shows the kinetic energy distribution of the electrons at ¢ = 0. Note that in order to achieve
comparable occupations for the quantum kinetic calculation and the rate equations (maximum of occupations
at Fx = 0 meV), it was necessary to slightly shift the laser energy with respect to the band edge about -0.25
meV (-0.68 meV for ZnSe) to compensate a renormalization of the carrier energies due to the s-d interaction.
Still, the occupations obtained using the quantum kinetic theory form a broader peak than predicted by the rate
equations. This is due to the scattering of carriers at the impurities which induces a redistribution in k-space.?’

In comparison with the ZnSe quantum well depicted in Fig. 2(d), the carrier spin in the CdTe quantum well
in Fig. (1) decays slower and the overshoot of the quantum kinetic result is less pronounced, although the basic
features are very similar in both figures. This agrees with the findings for initial value calculations®?>2” that the
non-Markovian effects are particularly strong when the rate is large. According to Eq. (8b) the spin relaxation
times at B = 0 are T1 ~ 3.0 ps for the CdTe DMS and 77 = 1.5 ps for the ZnSe system. The difference between
both sets of material parameters is mainly that the effective electron mass, which enters linearly in the expression
for the rate, is about twice as large in ZnSe compared with CdTe.

Figure 2 shows the time evolution of the carrier spins in a Zng.g3Mng g7Se quantum well for different pulse
durations 71,. For the short pulses presented in Fig. 2(a) and Fig. 2(b), the quantum kinetic results show an
almost exponential decay. The main difference between the quantum kinetic and the Markovian results is that
an exponential fit to the quantum kinetic curves yields an increased rate by about 5% for 7, = 0.17 ps [Fig. 2(a)]
and 7% for 7, = 0.34 ps [Fig. 2(b)]. The fact that the spin transfer is nearly exponential for short pulses,
i.e. broad spectral distributions of the excited carriers, is compatible with the finding of previous initial value
calculations,?” where the non-Markovian features were shown to be particularly strong for excitation in close
proximity to the band edge.

When the pulse duration reaches values close to the spin transfer time 77 = 1.5 ps according to Fermi’s golden
rule, such as in Figs. 2(c) and (d) for 7, = 0.85 ps and 77, = 1.7 ps, the non-Markovian effects, i.e. a short delay
of the spin transfer and an overshoot, become visible, as already discussed for the situation depicted in Fig. 1.
Even for pulse durations much longer than the spin transfer time [cf. Figs. 2(e) and (f)], the non-Markovian
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Figure 1. (a) Time evolution of the carrier spin in a 4 nm wide Cdo.93sMng.o7Te quantum well after optical excitation
with a circularly polarized Gaussian light beam with pulse duration (FWHM) 7 = 1.7 ps centered at ¢ = 0. The inset
shows a magnified picture of the region where the non-monotonic behavior of the spin dynamics occurs. Red solid lines
describe the results of the quantum kinetic equations (3), green dashed lines represent the Markovian calculations based
on Egs. (7). The blue dotted line shows the mean-field result where the correlations are neglected. (b) Distribution of
the electronic kinetic energy at ¢t = 0.
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Figure 2. Time evolution of the carrier spin in a 4 nm wide Zng.93Mng.07Se quantum well for different pulse durations
7r,. Key as in Fig. 1. The insets show magnifications of the regions from -0.04 to 0.06 of the normalized carrier spin in
the time interval from 5 ps to 20 ps.
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Figure 3. Time evolution of the carrier spin in a 4 nm wide Zng.93Mng.o7Se quantum well in the presence of external
magnetic fields (a) B = 10 mT and (b) B = 100 mT, excited with pulse duration 7, = 1.7 ps. (c) spin-up and spin-down
occupations at t = 10 ps and 20 ps, respectively, for the calculation with B = 100 mT. (d): Band diagram of spin-up and
spin-down electrons in an external magnetic field.

effects are clearly observable. Thus, the overshoots are not destroyed due to a smoothing of the dynamics, which
might be expected for long pulse durations.

The effects of an external magnetic field on the spin dynamics are shown in Fig. 3 for the Zng g3Mng g7Se
quantum well excited by a laser with pulse duration 7, = 1.7 ps. For small magnetic fields [B = 10 mT, Fig. 3(a)],
the same deviations of the quantum kinetic results from the Markovian calculations are found as in the zero-
magnetic-field case, in particular the non-monotonic time trace in the form of an overshoot as well as the short
delay and subsequent increase of the carrier-impurity spin transfer. For higher magnetic fields [B = 100 mT,
Fig. 3(b)], these effects are visibly reduced. However, the most striking genuine quantum kinetic effect, which
is absent in the zero-magnetic-field case, is that the stationary value reached in the limit ¢ — oo is significantly
different from the predictions of the rate equations. To understand this effect, the occupations of the spin-up
and spin-down bands at ¢ = 10 ps and ¢ = 20 ps are presented in Fig. 3(c) and the spin-flip scattering process
is visualized in Fig. 3(d). The rate equations predict that a spin-flip scattering process is strictly horizontal in
the band structure, i.e. the spin-up occupations are transferred to the spin-down band at the same total energy,
which due to the giant Zeeman splitting of the bands implies an increase of the kinetic energy of the scattered
electron. Since the transition is d-like in energy, the emerging occupation in the spin-down band in Fig. 3(c)
is a replica of the optically induced occupation in the spin-up band. In the quantum kinetic calculations, one
can observe a significant broadening of the scattered electron distribution. Note that the broadening of the
spin-up occupations in Fig. 3(c) with respect to the prediction of the rate equations is due to the scattering
during the light pulse, as already shown in Fig. 1(b) for B = 0. The stationary spin polarization is reached
when there is a balance between scattering from the spin-up to the spin-down band and vice versa. The small
non-zero stationary spin polarization in the case of the rate equations is a consequence of the different prefactors
((SB) + 1(S1)) for the corresponding transition rates [cf. Eq. (6a)]. In contrast, the quantum kinetic theory
predicts a broadening of the electron occupations in the spin-down band, so that a significant number of states
below the energetic threshold corresponding to the band splitting are occupied [cf. Fig. 3(c)]. The probability of




these states to scatter back to the spin-up band is considerably reduced, as there are no spin-up states with the
same total energy. Thus, the balance between the scattering from and to spin-up and spin-down bands becomes
biased in the quantum kinetic theory, which leads to a different stationary value of the carrier spin. In this sense,
the system acts effectively like a quantum ratchet? driven by the carrier-impurity correlations.

A broadening of carrier distributions is often found in quantum kinetic calculations at early times reflecting
the energy-time uncertainty.??:3! If the main reason for the broadening in the case studied here were the energy-
time uncertainty, the distributions would be expected to narrow for later times. However, one can see clearly
in Fig. 3(c) that the width of the distributions at ¢ = 20 ps is practically identical to that at ¢ = 10 ps. We
propose that the reason for the broadening is not primarily the energy-time uncertainty, but rather the fact that
the carriers and impurities become strongly correlated. Thus, the eigenstates of the system are many-particle
states, which cannot be separated into products of independent single-particle states. Taking the partial trace
of such a many-particle state to obtain the reduced single-particle density matrix means that the single-particle
occupations do not correspond to states with well-defined single-particle energies. This picture is consistent
with the fact that the distributions stay broad also for longer times. Thus, we attribute the broadening of
the distributions observed in Fig. 3(c) rather to strong many-body correlation effects than to the energy-time
uncertainty.

Note that the difference in the stationary values for the rate equations and the quantum kinetic theory can
only be clearly distinguished if there is no significant thermalization, e.g. due to carrier-carrier or carrier-phonon
interaction, during the lifetime of the optically excited carriers. If thermalization processes are active and enable
a dissipation of energy, the system in the situation depicted in Fig. 3(d) will evolve into an equilibrium state,
where only the spin-down band is occupied, which would lead to a negative spin polarization close to -1 also when
exchange interaction is treated in the Markov limit. However, for low excitation intensities and temperatures
and a band splitting well below the energy of LO phonons, thermalization is expected to play a minor role on
the timescale considered here and the deviations of the degree of spin polarization from the prediction of rate
equation a few T after the laser pulse are indeed a signature of genuine quantum kinetic effects.

4. CONCLUSION

A quantum kinetic theory is employed to describe the spin dynamics in diluted magnetic semiconductors. Nu-
merical calculations for different excitation conditions allow us to identify a regime where genuine quantum
kinetic effects, which cannot be described by simple rate equations, are particularly pronounced.

We find that in order to experimentally access these non-Markovian quantum kinetic effects, it is advantageous
to use laser pulses with durations on the order of or longer than the carrier-impurity spin transfer time, which
can be obtained from Fermi’s golden rule. For a 4 nm wide Zng.93Mng g7Se we find pulse durations of more
than ~1 ps most suitable for this purpose. Earlier studies?® already found that the non-Markovian effects are
particularly strong for materials where the spin transfer rate is large. Numerical calculations confirm that due
to the different sets of material parameters, Mn-doped ZnSe is slightly better suited than CdTe for experiments
targeted at confirming non-Markovian effects in DMS.

Furthermore, in the presence of an external magnetic field, the quantum kinetic theory predicts a signifi-
cantly different stationary value of the carrier spin polarization than Markovian rate equations, which is directly
connected to a spectral broadening of the distribution of spin-flip scattered electrons. In contrast to the usual
situation in quantum kinetic calculations,?%3! this broadening stems not from the energy-time uncertainty, but
it is rather a consequence of strong many-body correlations.
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APPENDIX A. SOURCE TERMS FOR CORRELATIONS

The source terms for the correlations QC?Z?E are:
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We study the spin dynamics of carriers due to the Rashba interaction in semiconductor quantum disks and wells
after excitation with light with orbital angular momentum. We find that although twisted light transfers orbital
angular momentum to the excited carriers and the Rashba interaction conserves their total angular momentum, the
resulting electronic spin dynamics is essentially the same for excitation with light with orbital angular momentum
| = +|l| and [ = —|I|. The differences between cases with different values of |/| are due to the excitation of states
with slightly different energies and not to the different angular momenta per se and vanish for samples with large
radii where a k-space quasicontinuum limit can be established. These findings apply not only to the Rashba interac-
tion but also to all other envelope-function-approximation spin-orbit Hamiltonians like the Dresselhaus coupling.

DOI: 10.1103/PhysRevB.92.115301

I. INTRODUCTION

Light with orbital angular momentum (OAM), referred to
as twisted light, is a relatively new field of research which has
become increasingly popular [1-17] since Allen ef al. showed
how twisted light beams can be easily generated from conven-
tional laser beams [18]. Recently, the theoretical foundation of
the optical excitation of solids and nanostructures with twisted
light has been established [19-27], and experimental studies
with twisted light on semiconductors have been carried out
[28,29].

One motivation for such studies is the prospect of using
the large amounts of angular momentum that twisted light
can carry in order to control the spin dynamics of electrons,
thus adding a flexible tool to the active field of spin control
[30-39]. In this context two different mechanisms need to be
distinguished. First, angular momentum as well as energy se-
lection rules can lead to selective optical excitation of carriers
with a preferred spin direction. This mechanism enables fast
spin-selective preparation of states during the photoexcitation
process and has recently been studied for strongly confined
systems such as quantum dots [27] and quantum rings [23].
Second, the spin-orbit interaction, like the Rashba [40] and
Dresselhaus [41] couplings in semiconductor structures, is
expected to couple the OAM of carriers transferred from the
twisted light [19,22] to their spin degree of freedom. This
would provide a slower carrier spin control, which would be
dynamical and would remain active after the twisted light
pulse.

In this paper, we study the spin dynamics of carriers in
semiconductor quantum disks and wells excited with twisted
light, taking into account the Rashba spin-orbit interaction.
Our central finding is that, rather unexpectedly, the spin dy-
namics of the photoexcited electrons differs only slightly after
excitation with light with and without OAM in the limit of large
quantum disks, becoming insensitive to the OAM content of
the twisted light beam for extended quantum wells. This result
is consistent with the outcome of recent experiments which did
not show traces of the OAM transferred from twisted light to
bulk GaAs in spin-resolved photoemission measurements [29].

Analytically, we find that the Rashba interaction, while
conserving the total angular momentum of the electrons,
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has matrix elements which are independent of the OAM
quantum number in the (k-space) quasicontinuum limit. As
a consequence, the induced spin dynamics is almost identical,
particularly for twisted light with components of the OAM in
the growth direction [ = +|/| and [ = —|/|. This finding can
be generalized to all possible effective spin-orbit interactions
stemming from a lattice-periodic potential in the envelope-
function approximation, e.g., the Dresselhaus coupling. Our
results suggest that for the search for materials supporting
twisted-light-based spin control it is most promising to concen-
trate on small quantum structures and other discrete systems.

II. OPTICAL EXCITATION WITH TWISTED LIGHT

The discussion of the optical excitation of electrons with
twisted light is especially clear when a basis of cylindrical
states is chosen [22]. The wave functions of these basis states
are expressed in cylindrical coordinates {r,¢,z} as

wbmv(r,¢»z) = A[mu Jm(kmvr)eim¢q>b(z)v (1)

where J,, is the mth Bessel function, ®,(z) is the z envelope
of the b subband (the band index includes the spin quantum
number), and N,,, = [/TRJ,41(knyR)]™! is the normal-
ization factor. For a circular quantum disk with radius R,
width L, and growth direction z, the boundary conditions
Ypmv(R,¢,2) = 0 are satisfied if k,,, = u,, ,/R, where u,, ,
is the vth zero of the mth Bessel function. Note that 1,,, is an
eigenstate of the z component of the envelope OAM operator
with eigenvalue fim and k,,, determines the kinetic energy of
state v, since in a parabolic band b with effective mass
m} the energy of the state is given by €y, = h2k2,/(2m3).
Note also how the precise location of the energy eigenvalues
is given by the zeros of the Bessel functions; this detailed
information will be “smeared out” in the limit R — oo as
the allowed values of k become a quasicontinuum. For the
sake of simplicity, we restrict our discussion to a case where
only spin-degenerate conduction (b = ¢ = {—1/2,1/2}) and
heavy-hole (b = v = {—3/2,3/2}) bands are considered.

The matrix elements of the twisted-light—matter interaction
Hamiltonian H; (in the dipole approximation for only the

©2015 American Physical Society
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FIG. 1. (Color online) Diagonal elements of the density matrix p.....y after an excitation of a cylindrical quantum disk with radius R
with a box-shaped pulse of length # = 5 ps and orbital angular momentum / of the light. (a) and (b) show the occupations of an R = 1.2 um
quantum disk with / = 0 and [ = 5, respectively. (c) and (d) display the occupations for a larger R = 5 pum disk with/ =0 and [ = 5. For a
better comparison, the matrix elements are plotted against the energies €., instead of the indices v, and the absolute values of the occupations

are rescaled.

z component) in the cylindrical basis states were derived in
Ref. [22]:

(cm’v/|H1|Umv) = gcvv’vm’eilwt (2a)

Sm,m’fh

gc'vu’vm’ =

e
_nTAO €5 - pcv(q)cwk;,q: |q)v)Nm/v/-N;nv

R
X/ dr rJl(qHr)Jm’(km’v’r)Jm’fl(kmvr)v
0

(2b)

where e and m, are the electron charge and (bare) mass,
Ap is the field strength, w is the light frequency, g; and
q. are the in-plane and growth-direction parts of the light

|

1— e*i(f(mw76(1”1/”/)[/7:'4

wave vector, respectively, k, is the electron wave vector in
the growth direction, / is the OAM of the light, €, is the
light polarization vector, and p,, is the dipole matrix element
between heavy-hole and conduction-band states. Note that p.,
contains spin selection rules. Let us consider the case where
due to excitation with circularly polarized light only spin-up
electrons are excited.

In Ref. [22] equations of motion were presented for the
density matrix under the influence of twisted light switched on
with constant amplitude at # = 0. In the low-excitation limit,
i.e., initially empty conduction and filled valence bands excited
with a moderate light field so that the occupations can be well
approximated by an expansion up to second order in the field
strength, we find from Egs. (16) and (17) of Ref. [22]

pcmvc/m’v’(t) = Z S;U%‘cvvwmg;’w’u]m’[

€y — Eclmly)
miviv cmy cmy

1

+

(Gcmv - evmlvl - hw)(ec’m/v’ - evmlvl - hw)

Thus, the optical excitation yields only diagonal elements
of pemvermy With respect to m. Also, we find from Egs. (2) that
for every electron with OAM m there occurs an unoccupied
state with OAM m — [ in the valence band, i.e., a hole
with OAM [ — m. From this we can conclude that the total
envelope OAM ['" induced in the valence and conduction
bands together is I = IN,h, where N, is the number of
excited electrons or, equivalently, holes. The distribution of
the total orbital momentum into conduction- and valence-band
contributions depends on the details of the band structure,
the pulse duration, and the laser frequency. For example, for
the effective masses m} = 0.067m, and mj, = 0.45m, for
conduction and heavy-hole bands, respectively, an excitation
with a circularly polarized twisted-light pulse with OAM

(e Comv—emm =R/t o iCeom—6umysy ~he /1 _ 2)} s

€c'm'y — Evm|v| — ho €cmy — Evmlm — ho

$.18 1.
mm'Oc10¢'1

3

| =5, pulse duration ¢ = 5 ps, and central frequency resonant
to the band gap leads to a total OAM in the conduction
band of I = 2.866N, ki for R = 1.2 um, I'** = 3.145N,} for
R =5 pm, and I' = 2.914N,h for R = 10 um.

Figure 1 shows the diagonal elements of the density matrix
Pemvemy for the excitation conditions described above. The
oscillatory structure of the occupations along the energy
axis can be attributed to the finite pulse duration via the
energy-time uncertainty relation. Along the m axis, there are
also oscillations in the occupations. Since their frequency
depends strongly on the radius R of the sample and they
get smeared out for large values of R, we attribute these
oscillations to finite-size effects. Note that in Fig. 1(b), where
the occupation for light with / = 5 is plotted, the states with the
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five lowest values of m for every energy shell are empty (seen
more clearly at low energies) since there are no valence-band
states which satisfy the condition m’ = m — [ of the matrix
element in Eq. (2a). Figures 1(c) and 1(d) show that for
the larger R = 5 um quantum disk, the difference between
the occupations after / = 0 and [ = 5 excitations diminishes
visibly.

III. SPIN DYNAMICS

Now, we focus on the spin dynamics after the optical
excitation. We study the effects of spin-orbit coupling mech-
anisms, considering for concreteness the Rashba Hamiltonian
Hp [40], which is usually the dominant mechanism in quasi-
two-dimensional systems. In order to better work with the
cylindrical states given in Eq. (1), we switch from the usual
Cartesian-coordinate expression of Hp to its expression in
polar coordinates:

Hy = hag(kyo, — keoy) = har(sT9~ —s~07), (4a)

] a of 0 )
= — i =t L0 (4b)
dx ay ar  r d¢
where o is the Rashba coefficient and o; and s* are the Pauli
matrices and spin raising and lowering operators, respectively.
With the relation
Jo'dr rdu(pr)du(gr)
_ Rplm(qR)J,;(pR)—qlm(pR)J,;(qR) 5
- qz _ p2 ’ ( )

it is straightforward to calculate the matrix elements of Hg
with respect to the cylindrical states:

2 kpvkpy
('m"V|9F |emv) = 8y it — ——5—, (62)
R kmv - km’u/
hukavkm’v’

(¢'m'v'|Hglemv) = ) (5eOmm—1 = SercOmm1)-

R(kr%w - krzn’v/
(6b)

It can be seen from the form of the Rashba Hamiltonian in
cylindrical coordinates that an electron with spin up (down)
and envelope OAM m: flips to a state with spin down (up) and
OAM m + 1 (m — 1). In this sense, 3* can be regarded as
raising and lowering operators in m. If Hy is applied a second
time, the electronic state is transferred back to the initial spin
and OAM state, while a change in v is possible. Note that
the sum J = m + s of the envelope OAM m and the spin s is
conserved by the Rashba Hamiltonian.

Having derived the matrix elements of Hy in cylindrical
coordinates, it is straightforward to calculate numerically
the time evolution of the density matrix, where the initial
conditions correspond to the final occupations generated by
optical excitation with light with OAM [, illustrated in Fig. 1.
The resulting dynamics for the total conduction-band spin is
shown in Fig. 2. We show results for three different values of
the disk radius, R = {1.2,5,10} um. As in the case of optical
excitation with light with zero OAM, the Rashba interaction
leads to a dephasing of the initial electron spins. Since for
small disks only a finite number of states contributes noticeably

PHYSICAL REVIEW B 92, 115301 (2015)
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FIG. 2. (Color online) Spin dynamics after excitation with
twisted light with orbital angular momentum [/ = {—5,0,5} and
quantum-disk radius R =1.2pum and with [ ={0,5} and R =
{5 pm, 10 pum}.

to the dynamics, oscillations are found which do not cancel
completely so that for long times the total spin reaches a
nonzero value. Note that the curves for excitation with [ = 5
and / = —5 almost coincide (shown for R = 1.2 um). This
unexpected result shows clearly the insensitivity of the spin
dynamics, in the presence of the Rashba spin-orbit interaction,
to the content of OAM transferred from twisted light to
the electron gas. For the same quantum disk, an excitation
with / = 0 produces spin dynamics different from the [ = £5
excitation, but this difference decreases for larger radii. This
tendency can be seen by comparing the excitations with/ = 5
and [ = 0O for the three different values of R used in Fig. 2.

To understand this finding, it is useful to analyze the case
of an infinitely extended quantum well, obtained by letting
R — o0. In this limit, the discrete k,,, become continuous,
and the eigenstates can be written as

k .
Yk (r,$,2) 1= 4 2—Jm(kr)€’m¢¢b(1), 7
T

with the orthogonality relation (bkm|b'k'm’y = 8pp Sy d(k —
k). Using the fact that Bessel functions satisfy

i r Ik K'r) = 5k K, ®)

the corresponding matrix elements become

('k'm'|3% |ckm) = FhSp ma18(k — k'), (9a)
<C/k,m/|HR|Ckm> = haRk S(k - k/)(sjcam’,mfl+SC_/L-5m’,m+1)~
(9b)
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Thus, in the quasicontinuum limit, the prefactor of the
Rashba interaction depends only on the energy of the state via
k but not on m. The spin dynamics is therefore a precession
of the electron spin with a k-dependent frequency, which, for
a given k, is the same for all different values of m. Since
the effect of the excitation with twisted light was mainly that
states with different m are excited, it is now easy to see why,
for extended systems, the spin dynamics due to the Rashba
Hamiltonian is almost the same for excitations with light with
and without OAM.

It is noteworthy that this statement is also true for all
effective Hamiltonians with a microscopic origin in the
lattice-periodic crystal potential such as the Dresselhaus [41]
spin-orbit coupling when treated in the envelope-function
approximation: For a lattice-periodic potential, the solutions
of the corresponding Schrodinger equation are given by
the Bloch theorem as y(r) o< e’ u, (r) with lattice-periodic
Bloch function u,(r), band index n, and wave vector K.
The envelope-function approximation consists of integrating
over the plane-wave part of the wave function, yielding an
effective Hamiltonian [42] H.g for u,x which is diagonal in
k, and the matrix elements can be written as a power series
in k. The resulting effective Hamiltonian can be rewritten by
decomposing k, and k, in terms of 3™ and 3~, as done in
Egs. (4). Thus, the dependence of the matrix elements of Hg
in cylindrical states on m is of the same character as that for the
Rashba Hamiltonian and vanishes in the quasicontinuum limit.
For systems with finite size, however, a weak dependence on m
can be found due to the m dependence of the possible k values
in the prefactor of the Rashba Hamiltonian in Eq. (6b). This
means that, e.g., for small quantum disks, where the energy
separation between the discrete cylindrical states becomes
important, the OAM of the exciting light can influence the
spin dynamics significantly.

PHYSICAL REVIEW B 92, 115301 (2015)

IV. CONCLUSION

In conclusion, we have shown that although the OAM of
twisted light can be transferred into the envelope OAM of
electrons, the usual solid-state spin-orbit interactions, such
as Rashba and Dresselhaus interactions, do not couple the
envelope OAM of the carriers to their spin degree of freedom
in such a way that a significant difference in the spin dynamics
after excitation with light with and without OAM is found
in large extended systems. This finding can explain why in
recent experiments [29] no influence of the light’s OAM
on the spin polarization was found. However, for cylindrical
quantum disks with small radii, the discreteness of the states
plays an important role, so that the spin dynamics indeed
depends on the OAM of the light. Nevertheless, also for small
systems, the spin dynamics after excitation with OAM [ = |/|
and [ = —|l/| are very similar, in contrast to optical excitation
with opposite circular polarization, where the spin dynamics
acquires a different sign. Thus, twisted-light-based spin control
is fundamentally different from traditional spin orientation,
and combining these control schemes should therefore open
new ways for spin manipulation. Our findings have direct
implications for the search for systems where optical excitation
with twisted light can be used to manipulate the spin dynamics:
A continuum of states has to be avoided. Such systems can be
confined structures like quantum dots [27] and rings [21,23],
discrete states due to multiparticle effects, e.g., excitons, or
localized states due to impurities and surface effects.
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Influence of non-magnetic impurity scattering on the spin dynamics in diluted
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The doping of semiconductors with magnetic impurities gives rise not only to a spin-spin inter-
action between quasi-free carriers and magnetic impurities, but also to a local spin-independent
disorder potential for the carriers. Based on a quantum kinetic theory for the carrier and impurity
density matrices as well as the magnetic and non-magnetic carrier-impurity correlations, the influ-
ence of the non-magnetic scattering potential on the spin dynamics in DMS after optical excitation
with circularly polarized light is investigated using the example of Mn-doped CdTe. It is shown that
non-Markovian effects, which are predicted in calculations where only the magnetic carrier-impurity
interaction is accounted for, can be strongly suppressed in the presence of non-magnetic impurity
scattering. This effect can be traced back to a significant redistribution of carriers in k-space which
is enabled by the build-up of large carrier-impurity correlation energies. A comparison with the
Markov limit of the quantum kinetic theory shows that, in the presence of an external magnetic
field parallel to the initial carrier polarization, the asymptotic value of the spin polarization at
long times is significantly different in the quantum kinetic and the Markovian calculations. This
effect can also be attributed to the formation of strong correlations which invalidates the semiclas-
sical Markovian picture and it is stronger when the non-magnetic carrier-impurity interaction is
accounted for. In an external magnetic field perpendicular to the initial carrier spin, the correla-
tions are also responsible for a renormalization of the carrier spin precession frequency. Considering
only the magnetic carrier-impurity interaction, a significant renormalization is predicted for a very
limited set of material parameters and excitation conditions. Accounting also for the non-magnetic
interaction a relevant renormalization of the precession frequency is found to be more ubiquitous.

PACS numbers: 75.78.Jp, 75.50.Pp, 75.30.Hx, 72.10.Fk

I. INTRODUCTION localized magnetic impurities also leads to other effects,
such as inducing spin-flip scattering and thereby a direct
transfer of spins from the carriers to the impurities and

Most of the devices based on the spintronics paradigm  vice versa? 28,

arXiv:1609.02582v1 [cond-mat.mes-hall] 8 Sep 2016

that are commercially available today use the fact that
spin-up and spin-down carriers exhibit different trans-
mission and reflection probabilities at interfaces involv-
ing ferromagnetic metals"2. However, some applications,
like spin transistors3, require the control not only of spin-
up and spin-down occupations, but also of the coher-
ent precession of spins perpendicular to the quantiza-
tion axis provided by the structure. For this purpose,
spintronic devices based on semiconductors are prefer-
able to metallic structures since the dephasing time in
a metal is about three orders of magnitude shorter than
in a semiconductor?. In the context of semiconductor
spintronics®™, a particularly interesting class of materi-
als for future applications are diluted magnetic semicon-
ductors (DMS)® 22 which are obtained when semicon-
ductors are doped with transition metal elements, such
as Mn, which act as localized magnetic moments. While
some types of DMS, such as Gaj_,Mn,As, exhibit a fer-
romagnetic phase®23, other types of DMS, like the usu-
ally paramagnetic CdMnTe, are especially valued for the
enhancement of the effective carrier g-factor by the gi-
ant Zeeman effect that can be used, e.g., to facilitate an
injection of a spin-polarized current into a light-emitting
diode?*. Besides causing the giant Zeeman effect, the s-d
exchange interaction between the quasi-free carriers and

Typically, the s-d interaction is described by a Kondo-
like?® localized spin-spin interaction between carriers and
impurities. However, in real DMS materials, the in-
troduction of Mn impurities not only leads to a spin-
dependent interaction Hamiltonian, but also to a spin-
independent local potential for the carriers®’. The rea-
son for the appearance of this spin-independent potiential
is that, in the case of Cdy_,Mn,Te, the semiconductor
CdTe has a different band structure than MnTe and car-
riers located at unit cells with Mn impurities experience
a larger local potiential energy than carriers at unit cells
with Cd cations. The strength of this local potential can
be estimated by the conduction and valence band offsets
between CdTe and MnTe. Note, however, that usually,
CdTe crystallizes in a zinc-blende structure, while MnTe
is found in a wurzite structure. Thus, a better estima-
tion for the strength of the spin-independent local po-
tential is obtained by studying CdTe/Cd;_,Mn,Te het-
erostructures where both materials appear in the form
of a zinc-blende lattice®'. From such investigations, the
strenght of the local spin-independent potential for car-
riers at Mn sites of about 1.6 eV can be estimated. In
contrast, the spin-dependent local interaction in DMS
is typically about 220 meV, i.e. one order of magnitude
lower. This consideration suggests that the non-magnetic



impurity scattering caused by the local spin-independent
interaction between carriers and impurities should not be
disregarded in the study of the spin physics in DMS.

It is noteworthy that a theory which takes into ac-
count a local magnetic interaction as well as a non-
magnetic local potential in a DMS, the V-J tight-binding
model was employed to study the magnetic properties of
GaMnAs®2 and it was found that taking into account
the non-magnetic interaction is necessary in order to ob-
tain results in good quantitative agreement with ab initio
calculations for the Curie temperature and with experi-
mental data for the optical conductivity.

For the spin dynamics, scattering at non-magnetic
impurities has already important consequences in non-
magnetic semiconductors®® in the presence of spin-orbit
fields, where scattering processes can enhance or reduce
the spin relaxation and dephasing significantly, e.g., via
the Elliott-Yafet®* and D’yakonov-Perel’3® mechanisms.

The goal of the present article is to investigate how the
non-magnetic interaction between carriers and impurities
affects the spin dynamics in paramagnetic II-VI DMS.
To this end we employ a quantum kinetic theory for car-
rier and impurity density matrices including the carrier-
impurity correlations starting from a system Hamiltonian
that comprises a kinetic energy term, the magnetic and
non-magnetic carrier-impurity interactions as well as the
carrier and impurity Zeeman energies. Earlier quantum
kinetic studies of the spin dynamics in DMS?2527:36:37
which only considered the spin-dependent s-d interac-
tion, predicted that in some cases, such as in narrow
quantum wells optically excited very close to the band
edge®®, the spin transfer between carriers and impurities
cannot be well described by rate equations. Rather, the
time evolution of the carrier spin is, in these cases, non-
exponential and it can exhibit non-monotonic features
such as overshoots. These effects are non-Markovian, as
they can be traced back to the finite memory provided by
the correlations, since the Markovian assumption of a -
like memory leads to effective rate equations that predict
an exponential spin dynamics?2.

Here, we find that these non-Markovian effects pre-
dicted in the theory of Refs. 25-27, 36, and 37 are
suppressed in the case of the conduction band of a
Cd;i_;Mn, Te quantum well when non-magnetic scatter-
ing of carriers at the impurities is taken into account.
While, in this case, the non-monotonic behavior of the
spin dynamics disappears, the quantum kinetic theory
predicts quantitative changes in the effective spin trans-
fer rate compared with the Fermi’s golden rule value.
The suppression of the non-Markovian features is mainly
caused by a significant redistribution of carriers away
from the band edge where the non-Markovian effects are
particularly strong3®. This carrier redistribution is facil-
itated by the build-up of strong carrier-impurity correla-
tions providing a correlation energy of the order of a few
meV per electron that leads to an increase of the average
kinetic electron energy by about the same amount. Due
to the different strengths of the interactions in the con-

duction band of Cd;_,Mn,Te, the non-magnetic carrier-
impurity correlation energy is also much larger than the
magnetic correlation energy studied before in Ref. 39.

In other cases, such as in the valence band of
Cd;_,Mn,Te, the non-magnetic impurty scattering can
be much weaker than the magnetic spin-flip scattering
and the non-Markovian effects prevail.

In the presence of an external magnetic field parallel
to the initial carrier spin polarization, it was shown?C
that a quantum kinetic treatment of the magnetic part
of the carrier-impurity interaction in DMS leads to a sig-
nificantly different asymptotic value of the carrier spin
polarization at long times ¢. Because this is also a conse-
quence of an energetic redistribution of carriers, includ-
ing non-magnetic scattering increases this effect. If the
initial carrier spin polarization is perpendicular to the
external magnetic field, the carrier spins precess about
the effective field comprised of the external field and the
mean field due to the impurity magnetization. As shown
in Ref. 39, the carrier-impurity correlations built up by
the magnetic s-d interaction renormalize the carrier spin
precession frequency. Here, we show that when both, the
magnetic and the non-magnetic interactions are taken
into account the renormalization of the carrier spin pre-
cession frequency can be different in sign and magnitude
compared with calculations in which only the magnetic
interaction is considered.

The article is structured as follows: First, quantum
kinetic equations of motion for the carrier and impurity
density matrices as well as for the magnetic and non-
magnetic carrier-impurity correlations are formulated for
a DMS with magnetic and non-magnetic carrier-impurity
interactions. Then, we derive the Markov limit of the
quantum kinetic theory which enables a comparison and
allows us to distinguish the genuine quantum kinetic ef-
fects from the Markovian behavior. Furthermore, from
the Markov limit we can derive analytic expressions for
the carrier-impurity correlation energies as well as the
correlation-induced renormalization of the carrier spin
precession frequency. After having layed out the theory,
we present numerical simulations of the quantum kinetic
equations for the conduction band of a Cd;_,Mn,Te
quantum well including magnetic and non-magnetic scat-
tering at the Mn impurities and discuss the energetic re-
distribution of carriers as well as the correlation energies.
Then, we estimate the influence of non-magnetic impu-
rity interaction on the spin dynamics in the valence band
of Cdy_,Mn,Te. Finally, we discuss the effects of the
non-magnetic impurity scattering on the spin dynamics
in DMS in the presence of an external magnetic field
parallel and perpendicular to an initial non-equilibrium
carrier spin polarization.



II. THEORY
A. DMS Hamiltonian

Here, we consider an intrinsic DMS such as
Cd;_Mn,Te in the presence of an external magnetic
field. The total Hamiltonian of this DMS is given by

H:HO+Hsd+Himp+H§ +H¥[na (1&)
H, :Zhwkcikc(,k, (1b)
ko

T B
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where Hj is the single-electron Hamiltonian due to the
crystal potential, Hgq describes the magnetic s-d ex-
change interaction between the carriers and the impu-
rities, Himp describes the spin-independent scattering of
carriers at impurities and H§ and H}™ are the carrier
and impurity Zeeman energies.

In Egs. (1), clk and ¢,k denote the creation and an-
nihilation operators for conduction band electrons with
wave vector k in the spin subband o = {f,]}. The
magnetic Mn impurities are described by the operator

PI, = |I n)(I n/| where |I,n) is the n-th spin state
(n e {—5, —5, .. 5}) of the I-th magnetic impurity lo-
cated at R;. The band structure of the semiconductor

is described by Awyg, which we assume to be parabolic

wk = 255 with effective mass m*. V denotes the vol-
ume of the sample. Jyq is the s-d coupling constant for
the spin-spin interaction between carriers and impurities
and Jy is the non-magnetic coupling constant. S,,,, and
Sc,0, are the vectors with components consisting of spin-
5 and spin-3 spin matrices for the impurities and the
conduction band electrons, respectively, where the unit
h has been substituted into the definition of Jyq so that
Soi0s = %00102, where 0,,,, are the Pauli matrices. Fi-
nally, g and gy are the g-factors of the electrons and
the impurities, respectively, and pp is the Bohr magne-
ton.

In order to account for spin-independent scattering
not only at Mn impurities but also additional non-
magnetic scattering centers, such as in quaternary com-
pound DMSs like HeCdMnTe*!, we allow the number of
scattering centers Njnyp, in general to be larger than the
number of magnetic impurities Ny,. Here, we use the
notation that the index I runs from 1 to Ny, while the
index J runs from 1 to Nipp.

B. Quantum kinetic equations of motion

The goal of this artilce is to study the time evolution of
the carrier spin polarization after optical excitation with
circularly polarized light which can be extracted from
the carrier density matrix. In this section, we derive the
corresponding equations of motion starting from the total
Hamiltonian in Egs. (1).

Following Ref. 36, where for the conduction band only
Hp and Hyq in Egs. (1) were considered, we seek to obtain
a closed set of equations for the reduced carrier and im-
purity density matrices as well as for the carrier-impurity
correlations:

n I
Mn2 <Pn1n2> (2&)
Co2, =<c;k1ca2kl>, (2b)
égfk2 *V< o‘1k1602k el(k27k1)RJ>7 for k2 7£ klv
(2c)
Qynzge =V{c! el e Conp€’ X TRORIPL N for ky # K.
(2d)

M2 and C”Qk are the impurity and electron density ma-
o2Mn2 k2

trlces and Cgsz as well as 72 %2 are the non-magnetic
and magnetic carrier-impurity correlations, respectively.
In Egs. (2), the brackets denote not only the quantum
mechanical average of the operators, but also an aver-
age over a random distribution of impurity positions,
which we assume to be on average homogeneous so that
<€i(k2_k1)R']> = 5k1k2'

The equations of motion for the variables de-
fined in Egs. (2) can be derived using the Heisen-
berg equations of motion for the corresponding op-
erators. Note, however, that this procedure leads
to an infinite hierarchy of variables and equations
of motion, since, e. g., the equation of motion for
<c£1klcgzkzei(k2*k1)R1P1 n,) contains also terms of the

form <cz,lklcake‘(k ki)Ry pilke— k)RI’le C ) for I’ # 1
which cannot be expressed in terms of the Varlables in
Eqgs. (2). Thus, in order to obtain a closed set of equa-
tions, one has to employ a truncation scheme. Here, we
follow the procedure of Ref. 36: we factorize the aver-
ages over products of operators and define the true cor-
relations to be the remainder when all combinations of
factorizations have been subtracted from the averages.
For example, we define (for ko # ki)

5<erlklc<72k ez(kg kl)Rzpé”w) —

<Ci—1k1cazkzei(bikl)RIPr{ln >

= (€] 1 Contea) (0 R R (BT )
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R ) ©

where 6(...) denotes the true correlations. The basic
assumption of the truncation scheme of Ref. 36 is that

+
+ <cr71 Kk, Coaka



and

5(02 K, Coaks €' i n,) are negligible. This as-
sumption results in a closed set of equations of motion for
the reduced density matrices and the true correlations.
However, it turns out?® that the equations of motion can
be written down in a more condensed form when switch-
ing back to the full (non-factorized) higher order density

all correlations higher than 5(0211{1 Copky€ K2 TKIRI)

k2 k] )R[ PI

0

matrices as variables, after the higher (true) correlations
are neglected. For details of this procedure, the reader is
referred to Refs. 26 and 36.

Applying this truncation scheme to the total Hamil-
tonian (1) including magnetic and non-magnetic carrier-
impurity interactions as well as the Zeeman terms for
carriers and impurities leads to the equations of motion
for the variables defined in Egs. (2):
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are the mean-field precession frequencies of the impu-
rity and carrier spins, respectively. The first terms on
the right-hand side of Eqs. (4a) and (4b) represent the
precession of the impurity and carrier spins in the mean
field due to the carrier and impurity magnetization as
well as the external magnetic field. The second terms in
Egs. (4a) and (4b) describe the effects of the magnetic
carrier-impurity correlations on the impurity and carrier
density matrices and the last term of Eq. (4b) describes
the scattering of carriers at non-magnetic impurities.

In analogy to the situation without non-magnetic im-
purity scattering (Jy = 0) studied in Ref. 26, we label
the source terms of the correlations on the right-hand
side of the Egs. (4c) and (4d) as follows: The terms

oanzka

ook are the inhomogeneous driving terms depending

. . . I
only on single-particle quantities. bgfﬁfﬁf are homoge-

neous terms which describe a precession-type motion of
the correlations in the effective fields we and wy,. The

IIr
source terms bg2"211:2 comprise the driving of the mag-
. . 17L1 1 . . . .
netic correlations by other magnetic correlations with dif-
ferent wave vectors and describe a change of the wave
vectors, of the correlations due to the s-d interaction.
m
gfgflﬁ " denotes the contributions to the equation for
the magnetic correlations due to the non-magnetic im-

purity scattering. The source terms cgfﬁf for the non-

magnetic correlations are classified analogously.

A straightforward but lengthy calculation confirms
that Eqgs. (4) conserve the particle number as well as
the total energy comprised of the single-particle contri-
butions and the correlation energies.

C. Markov limit

Although Eqs. (4) can readily be used to calculate the
spin dynamics given a set of appropriate initial condi-
tions, it is instructive also to derive the Markov limit of
the quantum kinetic equations?~28. On the one hand,
this enables us to distinguish the Markovian behavior
from genuine quantum kinetic effects. On the other hand,
it allows us to derive analytic expressions for the cor-
relation energies and the renormalization of the preces-
sion frequencies in the presence of an external magnetic
field3?.

The derivation of the Markov limit comprises two
steps2®: First, the equations of motion for the correla-
tions are formally integrated yielding explicit expressions
for the correlations in the form of a memory integral.
This yields integro-differential equations for the single-
particle variables, where the values of the single-particle
variables at earlier times enter. Second, the memory in-
tegral is eliminated by assuming a §-like short memory.

However, the first step, which involves the formal in-
tegration of the carrier-impurity correlations, can, in
general, be complicated. Nevertheless, if the source

o_2n2k2III d 02k2III

ok ok as well as the correlation-

terms b

imp sd
dependent part of bgfﬁfti and cgflﬁ are neglected,

the formal solution of Egs. (4c-d) becomes much eas-
ier. In absence of non-magnetic impurity scattering,
it has been shown that these source terms are indeed
numerically insignificant?®. Furthermore, a straightfor-
ward calculation shows that neglecting these terms also
yields a consistent theory with respect to the conserva-

tion of the total energy. Whether neglecting the terms

IIT IIT
oanaks oaks .
i ks ' Corky and the correlation-dependent parts

imp sd ., . .
of bgfgfﬁf and cgf]ﬁ is indeed a good approxima-

tion in the presence of non-magnetic impurity scattering
can be tested by comparing the numerical results of the
quantum kinetic equations with and without accounting
for these source terms.

Neglecting the aforementioned source terms in
Egs. (4), we first formulate a set of quantum kinetic equa-
tions for the new dynamical variables

(S =" Sh My, (6a)

nk = Z Cgka (6b)

Si = Z 5210205121(’ (6C)
0102

Coe = Z 5% 5, C2 (6d)
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where (S) is the average impurity spin and ny and sy
are the occupation density and spin density of the car-

rier states with wave vector k, respectively. C_'O‘ll:f as

well as fkkf comprise the non-magnetic and magnetic

carrier-impurity correlations. In Eqgs. (6) we use a nota-
tion in which the Latin indices are in the range {1, 2,3},
while the Greek indices also include the value 0, where
sgm = 5,0, 15 the 2x2 identity matrix. The corre-
sponding equations of motion for the variables defined in
Egs. (6) are explicitly given in appendix A.

I
Note that the source terms bfkkf for the correlations

Q;"kkf depend on the second moments of the impurity
spins (S'S7) = > S¢ . SJ

ninz T na2ng
ninans

not present equations of motions, although such equa-
tions can, in principle, be derived from Eqs. (4). Here,
we use the fact that for typical sample parameters the
optically induced carrier density is usually much lower
than the impurity concentration, so that the average im-
purity spin only changes marginally over time?S. For the
numerical calculations we assume that the impurity den-
sity matrix can be approximately described as being in
thermal equilibrium at all times where the effective im-
purity spin temperature T\, can be obtained from the
value of (S). From this thermally occupied density ma-
trix, the second moments (S%S7) consistent with (S) can
be calculated in each time step.

My, n, for which we do



The equations of motion for the variables defined in
Egs. (6) are the starting point for the formal integra-
tion of the correlations. Note that Egs. (Ald-g) for the
correlations Qlakklz and C_’O‘lk‘f can be transformed into the
general form

0 i,

. k . k
5 ki _Z(wkz - wkl)Qki + ZXlwerf

+ixownm@I + bl (7)

where x1,x2 € {—1,0,1} and the terms proportional to
We = |we| and wyn = |wn| originate from the preces-
sion of the correlations described by the source terms

I
oanzka ! and ¢ 02k2 . The term bX?" here denotes the
Ulnlkl k1

kol ookt
b02n2 2 2K2

contributions from the source terms b2/ %, ¢ )%,

i sd
Zigflﬁ P and c?ﬁz and only depends on the single-
particle varlables The formal integration of Eq. (7)

yields

t
Qt? (t) = / dt/ei[wkz _(wkl +X1MC+X2WMH)](t(_t)bIIZ I(t/).
0

(®)

The Markov limit consists of assuming a short memory,
i.e. the assumption that the correlations at time ¢ depend
only significantly on the single-particle variables at the
same time t, so that one is inclined to evaluate blﬁl(t’ )
in Eq. (8) at ¢/ = ¢ and to draw the source term out of
the integral. However, first, one has to make sure that
the source terms are indeed slowly changing variables.
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For example, the carrier spin can precess rapidly about
an external magnetic field. Therefore, we first analyze
the mean-field precession of the single-particle quantities
and split the source terms into parts oscillating with some
frequencies w of the form

b (t)MFZ >

w xe{-1,0,1}

R ORI C)

Then, the different oscillating parts bifw’x(t) can be
drawn out of the memory integral and the remaining in-
tegral can be solved in the limit of large times #28:

t
/ dt’ AW =0 2% 15 (Aw) — ﬁ. (10)
0

This procedure yields particularly transparent results
in the case where the external magnetic field and the im-
purity magnetization are collinear, as is usually the case
when the number of impurities exceeds the number of
quasi-free carriers (Nyy > N.), and the impurity den-

sity matrix is initially occupied thermally. Choosing the

direction of w, as a reference and defining s” =53,

slh.=§. “"° and wl‘\‘/[n = WMn - 2=, the Markov1an equa-
tions obtamed for the spin-up and spln—down occupations
and the perpendicular carrier spin component with re-
spect to the direction of w,

O

=t (11a)

Sk, =Sk, — w—sll (11b)
e

are given by:
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The first line of the right-hand side of Eq. (12a), which
is proportional to ancé v ni{ i, describes a redistribution
of occupations of spin-up and spin-down states within
a shell of defined kinetic energy via the term propor-
tional to d(wx, — wk,). For a parabolic band struc-
ture, this implies a redistribution between states with
the same modulus k& of the wave vector k, while the to-
tal carrier spin remains unchanged. If accompanied by
a wave-vector dependent magnetic field like a Rashba or
the Dresselhaus field, this term leads to a D’yakonov-
Perel’-type suppression of the spin dephasing. Here,
however, we do not consider any wave vector dependent
field and the system under investigation is isotropic in
k-space, so that the first line in Eq. (12a) has no in-
fluence on the dynamics of the total spin. The second
line in Eq. (12a) describes a spin-flip scattering from
the spin-up band to the spin-down band and vice versa.
Since these bands are energetically split by fiw. and a
flip of carrier spin involves a corresponding flip of an im-
purity spin in the opposite direction, which requires a

magnetic (Zeeman) energy of hwll\‘,[n, the total magnetic

energy released in a spin-flip process is £h(we — wyy,)-

Thus, ¢ [wk, — (wk, & (we — wll\‘/[n))] ensures a conserva-
tion of the total single-particle energies in the Markov
limit. It is noteworthy that, if the mean-field dynamics
of the source terms as in Eq. (9) is not correctly taken
into account, other energetic shifts are obtained in the 6-
function, which yields equations in the Markov limit that
are not consistent with the conservation of the single-
particle energies?®. Note also that the right-hand side of
Eq. (12a) correctly deals with Pauli blocking effects. Be-
cause the non-magnetic impurity scattering enters in the
equations of motion (12a) for the spin-up and spin-down
occupation only via the first line which plays no role in an
isotropic system, it has no influence on the spin dynamics
in the Markov limit.

The first three lines in Eq. (12b) for the perpendic-
ular carrier spin component, which are proportional to
d-functions, indicate an exponential decay of the per-

7
(S) x [(Nimp — Natn)sic, + (Ntn + Nimp)sic, |
We
1- 2n,ﬁ2)) (w—e x sﬁl)
1- QnLQ)) (:— x s¢1> } (12b)

pendicular carrier spin component towards zero. The
last three lines describe a precession of the perpendic-
ular carrier spin component. The mean-field precession
frequency w, is renormalized by the carrier-impurity cor-
relations. This renormalization originates from the imag-
inary part of the memory integral in Eq. (10). Besides
the terms proportional to 1 )) , which are

Wko — (wkl i(wefwlu/[n
also present when only the magnetic s-d interaction is
taken into account®®, the non-magnetic impurity scatter-
ing introduces another contribution which is a cross-term,
i.e. it is absent when either the magnetic or the non-
magnetic impurity scattering is absent, which can be seen
from the fact that it is proportional to the product of Jsq
and Jy. In the quasi-continuous limit, the sum over ko
can be replaced by an integral over the spectral density
of states. In quasi-two-dimensional systems like quan-
tum wells, the spectral denstiy of states D(w) = g;’g
is constant. Thus, the frequency renormalization can be

integrated and yields logarithmic divergences

wWBZ

1 1
) Pp—— / du D(w)
Wk, — Wo W — Wo
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ko

. (13)
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at the poles wy = wi, and wy = wi, £ (we — wl‘\l/[n). These
logarithmic divergences are similar to the ones obtained
in the discussion of the Kondo-effect in metals with mag-
netic impurities?®. Despite the formal divergence, the
summation over a non-singular carrier distribution al-
ways leads to a finite value of the precession frequency of
the total carrier spin, since the logarithm is integrable®®.
From Eq. (13), one can see that the cut-off energy hwpz,
which corresponds to the width of the conduction band
and is typically of the order of 1 eV, enters as a new
model parameter in the theory and cannot be eliminated
by assuming that wpz — o0, since then the frequency
renormalization also diverges. As a consequence, the
Markovian expression for the frequency renormalization



can only give an order-of-magnitude estimation and a
more detailed treatment of the band structure is neces-
sary if a quantitatively more accurate description is re-
quired.

For the special case of zero external magnetic field,
vanishing impurity magnetization and low carrier densi-
ties, Egs. (12) are equivalent to the simple rate equations

0 1
&Skl = _;Sk17 (14)

where the values of the rates coincide with the Fermi’s
golden rule value. In two dimensions, one obtains®®
1 35JZm* Nym 1

2D T12 B2V d

(15)

D. Correlation energy

In Egs. (8) to (10), Markovian expressions for the
carrier-impurity correlations are derived as functionals
of the carrier and impurity variables. Using these ex-
pressions, it is straightforward to also obtain analytic ex-
pressions for the carrier-impurity correlation energies as
functionals of the carrier spins and occupations?®. Split-
ting the averages over the magnetic and non-magnetic
carrier-impurity interactions into mean-field and corre-
lated contributions

(Haa) =(HY") + (HE"), (16a)
(Himp) =(HG) + (Hi23). (16b)
JsaNnin
(HAT) :% (S) - s (16¢)
cor _ SdNMU ik’

(HE") = ZZQ (16)
kk/ 1

) =3 S (16¢)

() "°Nl“‘pzc°k’ (161)
k,k’

one obtains in the Markov limit
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Egs. (17) have the same poles as Eq. (12b) for the fre-

quency renormalization and, thus, also contain formally

logarithmic divergences in two-dimensional systems.

IIT. RESULTS

After having derived the quantum kinetic equations for
the description of the spin dynamics in DMS including
magnetic and non-magnetic scattering and having ob-
tained rate-type Markovian equations, we now present
results of numerical simulations. Here, we focus on the
case of a 4-nm-wide Cdg.g3Mng g7 Te quantum well. For
this material, the magnetic coupling constant is Jyq =
—15 meVnm?® (NoJsq = —220 meV)*2, while the non-
magnetlc coupling constant is approximately Jo = 110
meVnm? (NoJy = 1.6 eV)?!, where Ny is the number of
unit cells per unit volume. Furthermore, we use a con-
duction band effective mass of m* = 0.1 mg and assume
that the impurity magnetization is described by a ther-
mal distribution at a temperature of T = 2 K and the
g-factors of the conduction band carriers and Mn impu-
rities are go = —1.77 and gy = 2, respectively. If not
stated otherwise, we choose a value of 40 meV for the
cut-off energy Awpz in the numerical calculations and
we consider only Mn ions as sources of non-magnetic im-
purity scattering, i. e. Nimp = Nmn. As initial value for
the carrier distribution, we use a Gaussian distribution
centered at the band edge of the spin-up band with stan-
dard deviation of Es; = 0.4 meV, which corresponds to
an excitation with a circularly polarized light pulse with
full width at half maximum (FWHM) pulse duration of
about 350 fs.

We first discuss the spin dynamics in the conduction
band of a Cdg.g3Mng o7 Te quantum well for zero mag-
netic field with a focus on the impact of non-magnetic
impurity scattering on the spin dynamics and investigate
the redistribution of carriers in k-space as well as the
build-up of correlation energy. Then, we study the spin
dynamics in the valence band in a simplified model. Fi-
nally, we investigate the spin dynamics in the presence
of an external magnetic field parallel and perpendicular
to the carrier spin polarization and discuss, in the latter
case, how the non-magnetic impurity scattering affects
the carrier spin precession frequencies.

A. Zero magnetic field

Figure 1(a) shows the time evolution of an initially
polarized carrier spin in a Cdgy.93Mng o7 Te quantum well
for vanishing magnetic field. The Markovian equations
(12) predict a simple exponential decay of the carrier
spin, which is transferred to the impurities. Note that
due to Nym > Ne, the asymptotic value of the carrier
spin for long times t is close to zero, since the impu-
rities act as a spin bath. If only the magnetic spin-
flip scattering is accounted for (Jo = 0), the time evo-
lution according to the quantum kinetic theory is non-
monotonic and shows an overshoot below the asymptotic
value. These non-Markovian effects are strongly sup-
pressed in the calculations including non-magnetic im-
purity scattering (Jo = 110 meVnm?) and the time evo-



9
T T T T 12 T T
QKT1, Jy = 0 meVnm?® + (b) t=0ps
QKT2, Jy = 0 meVnm?3 — Jo = 0 meVnm?, t = 10 ps
QKT1, Jy = 110 meVnm? x| 1L Jo=110 meVnm?, ¢t = 10 ps - |
QKT2, Jy = 110 meVnm? -
— Markov
: 0.1 . . 1 = 08¢} .
S} S
G 0.08 - E
3 0.06 | 11 = o6 L 1
.g 0.04 - %
4 11 =
s X %% % = 04 + n
o, el DA X X X X =
= 14 °
a 0.2 [* ]
0 | Nl S e e
_02 1 1 1 1 1 1 1
0 5 10 15 20 25 30 0 5 10
time [ps| kin. energy [meV]

FIG. 1. (a): Time evolution of the carrier spin for zero magnetic field with (J = 110 meVnm?®) and without (J = 0) non-
magnetic impurity scattering. QKT1 (points) denotes the results according to the full quantum kinetic equations (4) while
QKT?2 (lines) describes the results of the reduced set of equations (A1l). The purple dash-dotted line shows the results of the
Markovian equations (12), which is independent of non-magnetic impurity scattering. The inset shows a magnification of the
region where the quantum kinetic theory for Jy = 0 predicts a non-monotonic behavior. (b) Occupation of carrier states at
t =0 and ¢t = 10 ps for the calculations with and without non-magnetic impurity scattering.

lution of the total spin follows the Markovian dynamics tion of carriers in the calculations with and without non-
more closely. An exponential fit to the dynamics of the magnetic impurity scattering. One can clearly see that,

full quantum kinetic theory yields an effective spin trans- while without non-magnetic impurity scattering the car-
fer rate about 15% smaller than the Markovian rate in rier distribution at ¢ = 10 ps is only slightly broadened,
Eq. (15). including the non-magnetic impurity scatterings leads to

Interestingly, while the full quantum kinetic equations a drastic redistribution of carriers to states many meV
(4) yield identical results as the reduced set of equations ~ away from the initial distribution. For these states, the
(A1) in the case without non-magnetic impurity scatter- ~ memory is very short compared with the spin relaxation
ing, deviations between both approaches can be clearly time and therefore the Markovian approximation is jus-
seen when the non-magnetic impurity scattering is taken tified.

into account. The redistribution of carriers to states several meV

In order to understand the suppression of the non-  away from the band edge raises questions about the con-
monotonic features in the spin dynamics with non-  servation of energy, since for zero magnetic field the
magnetic impurity scattering, it is useful to recapitu- mean-field energy of the system is comprised of only the
late the findings of Ref. 38, where the origin of the non-  kinetic energy of the carriers. In the quantum kinetic cal-

Markovian behavior of the spin dynamics in absence of  culations, however, we also consider the carrier-impurity
non-magnetic impurity scattering was discussed: It was correlations which introduce correlation energies that are
found that the depth of the memory induced by the cor-  not captured in a simple single-particle picture. The dif-
relations is of the order of the inverse energetic distance  ferent contributions to the total energy over the course of
of the carrier state under consideration to the band edge time for the simulations presented in Fig. 1 are shown in
times 1. Memory effects become insignificant if the ki-  Fig. 2. There, it is shown that the average kinetic energy
netic energy of the carrier fiwy, is much higher than the  per electron increases from the initial value of the order
energy scale of the carrier-impurity spin transfer rate  of the width of the initial carrier distribution to a much
B For the parameters used in the simulations, one ob-  larger value of about 4 meV on a timescale of about 0.5
tains from Eq. (15) a value of 7P = 2.97 ps and there- ps. This energy is mostly provided by a decrease of non-
fore % ~ 0.22 meV. Figure 1(b) shows the redistribu- magnetic correlation energy from zero to a negative value.
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FIG. 2. Kinetic energy (red line), magnetic correlation energy
(blue line), non-magnetic correlation energy (purple line) and
total energy (cyan line) per electron for the quantum kinetic
calculation shown in Fig. 1 with Jo = 110 meVnm?®. The
red circles show the kinetic energy obtained from the Marko-
vian calculation in Fig. 1. The pluses and crosses depict the
results according to the analytic Markovian expressions for
the correlation energies in Eqgs. (17) evaluated using the car-
rier distribution of the quantum kinetic calculation at selected
time steps.

The magnetic correlation energy is comparatively small
since the magnetic coupling constant Jyq is about one or-
der of magnitude smaller than the non-magnetic coupling
constant Jy. The pluses and crosses in Fig. 2 show the
results of the analytic expressions (17) for the correlation
energies evaluated using the carrier distributions of the
full quantum kinetic theory in the respective time steps.
The analytic results are found to coincide with the val-
ues extracted from the quantum kinetic theory after the
first 0.5 ps. Even though the analytic expressions for the
correlation energies are obtained within the Markovian
description, it should be noted that in the Markovian
equations of motion (12) for the spins and occupations
only single-particle energies are considered for evaluating
the energy balance. As in our case the single particle en-
ergies comprise only the kinetic energies of the carriers,
the latter are constant in the Markovian description in
sharp contrast to the quantum kinetic treatment.

Note also that the total energy comprised of single-
particle and correlation energies remains constant in the
quantum kinetic simulations, which provides a further
test for the numerics.

10

QIKT, Jo = 0 meVnm?
QKT, Jy =7 meVnm? o
Markov

2
o ®
1

spin polarization (norm.)
o
o~
T
1

0.2 4
0t R s
0.2 : : :
0 0.5 1 1.5 2
time [ps]

FIG. 3. Spin dynamics in a degenerate valence band of a
Cdo.93Mng.07 Te quantum well with and without accounting
for non-magnetic impurity scattering.

B. Valence band

The fact that in the conduction band of a Cd;_,Mn,Te
quantum well the non-magnetic scattering at the impuri-
ties suppresses the characteristic non-monotonic features
of genuine quantum kinetic behavior raises the ques-
tion whether this statement is true in general and non-
Markovian effects always only change the spin dynamics
quantitatively. In this section, we provide an example
of a situation where the non-Markovian features are not
suppressed due to impurity scattering.

We consider now the valence band of a Cd;_,Mn,Te
quantum well. The details of the valence band structure
in a quantum well are influenced by, e.g., spin-orbit cou-
pling, strain or the shape of the confinement potential. A
realistic description of the band structure is beyond the
scope of this article. Instead, we perform a model study,
where we assume that heavy-hole and light-hole bands
are degenerate. In this case, we can use the quantum
kinetic theory derived for the conduction band and take
the material parameters for the heavy holes. The mag-
netic coupling constant in the valence band is J,q = 60
meVnm?3#? and the heavy-hole mass is ms = 0.7mg*®.
The difference of the band gaps between CdTe and zinc-
blende MnTe of about 1.6 eV is split into the conduction
and valence band offsets by a ratio of 14:1%4. Thus, one
obtains a value for the non-magnetic coupling constant in
the valence band of about Jy = 7 meVnm?. The results
of the quantum kinetic simulations for these parameters
are shown in Fig. 3.

In comparison with the conduction band, the 4 times
larger magnetic coupling constant in the valence band
leads to much stronger non-Markovian effects. In par-
ticular, one finds not a single overshoot, but pronounced
oscillations of the spin polarization about its asymptotic
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FIG. 4. (a): Time evolution of the carrier spin polarization parallel to an external magnetic field (B = 100 mT). (b): Spin-up

(1) and spin-down occupations () at ¢ = 0 and ¢ = 10 ps.

value. In Fig. 3, the calculations with and without ac-
counting for non-magnetic impurity scattering yield prac-
tically identical results. Thus, due to the fact that in
the valence band the non-magnetic coupling constant is
much smaller than the magnetic coupling constant, no
suppression of non-Markovian effects in the spin dynam-
ics is observed.

C. Finite magnetic field: Faraday configuration

Next, we investigate the effects of non-magnetic im-
purity scattering on the spin dynamics in DMS in the
presence of an external magnetic field. In this section,
we study the case in which the external field and the
initial carrier spins are parallel, which is known as the
Faraday configuration. This case has also been consid-
ered in Ref. 40, but without accounting for non-magnetic
impurity scattering.

In Fig. 4(a) the time evolution of the carrier spin po-
larization parallel to an external magnetic field B = 100
mT is shown. Note that the non-monotonic behavior
that can be seen in the case without an external mag-
netic field is suppressed for finite external fields even if
the non-magnetic scattering is disregarded. The most
striking feature in the time evolution of the carrier spin
polarization is that the Markovian result and the quan-
tum kinetic simulations predict very different asymptotic
values of the spin polarization at long times t.

As discussed in Ref. 40, the different stationary values
are related to a broadening of the distribution of scat-
tered carriers in the spin-down band, which is shown in
Fig. 4(b). Note that the broadening of the carrier dis-
tribution is not primarily an effect of energy-time un-

certainty, which is commonly found in quantum kinetic
studies?®46 since the width of the distribution does not
shrink significantly over the course of time“®. Rather,
it is a consequence of the build-up of correlation energy
which enables deviations from the conservation of the
single-particle energies in spin-flip scattering processes.
In the Markov limit, the stationary value is obtained
when a balance between scattering from the spin-up to
the spin-down band and vice versa is reached. In the
quantum kinetic calculations, the distribution of the scat-
tered carriers is broadened, so that also spin-down states

below the threshold hw, — hwl‘\l/ln are occupied, whose
back-scattering is suppressed since there are no states
in the spin-up band with the matching single-particle en-
ergies. If additionally the non-magnetic impurity scat-
tering is taken into account, the scattered impurity dis-
tribution is even broader and more spin-down states with
kinetic energies below hw, — hwll\ldn are occupied, so that
the back-scattering is more strongly suppressed and the
deviation of the asymptotic value of the spin polarization
from the Markovian value is even larger.

D. Finite magnetic field: Voigt configuration

The situation in which an external magnetic field and
the optically induced carrier spin polarization are perpen-
dicular to each other is usually referred to as the Voigt
configuration and is the subject of this section. In this
situation, the carrier spin precesses about the effective
magnetic field w, due to the external field and the im-
purity magnetization. As shown in Ref. 39, where the
non-magnetic impurity scattering was disregarded, the
carrier-impurity correlations are responsible for a renor-
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FIG. 5. (a) and (b): Time evolution of the carrier spin polarization for B = 25 mT (a) and B = 100 mT (b) using the quantum
kinetic equations (4) and the Markovian equations Eq. (12b), where the terms responsible for the frequency renormalization in
the Markovian equations have been dropped. The precession frequency normalized with respect to its mean-field value we is
shown in (c¢) and (d) using a fit of an exponentially decaying cosine to the quantum kinetic results and the analytic expressions
obtained from Eq. (12b) and the occupations from the quantum kinetic calculations. The black dash-dotted lines in (c¢) and
(d) show the analytic results for a cut-off energy of hwpz =1 eV.

malization of the precession frequency. There, it was also
shown that the strength of this renormalization depends
on the details of the carrier distribution and the strength
of the effective field we.

In Fig. 5(a), we present simulations of the spin dynam-
ics in a DMS in Voigt geometry for an external magnetic
field of B = 25 mT, which corresponds to a situation with
[(S)| = 0.05, where the magnetic-correlation-induced fre-
quency renormalization according to Ref. 39 is particu-
larly strong. Simulations with (Jy = 110 meVnm?) and
without (Jo = 0) accounting for the non-magnetic impu-
rity scattering are compared to Markovian calculations
based on Eqgs. (12). Note that for the Markovian calcula-
tion shown in Fig. 5 the frequency renormalization was
not taken into account. The results of all simulations
shown in Fig. 5(a) are very similar and follow closely
the form of an exponentially damped cosine. Note that

at long times, the phases of the oscillations of the cal-
culations accounting for non-magnetic impurity scatter-
ing matches the Markovian calculation without frequency
renormalization, while accounting only for magnetic spin-
flip scattering leads to oscillations with a slightly higher
frequency.

The frequency renormalization for the simulations
shown in Fig. 5(a) is presented in Fig. 5(c), where an
exponentially decaying cosine is fit to the quantum ki-
netic results and, for comparison, the total precession
frequency including the correlation-induced renormaliza-
tion in the Markovian description in Eq. (12b) evaluated
using the spin-up and spin-down occupations of the quan-
tum kinetic simulations is depicted. Due to the time evo-
lution of the occupations, also the renormalization pre-
dicted by Eq. (12b) becomes a function of time, which,
however, is for all times close to the constant extracted



by fitting the quantum kinetic result. The calculations
without non-magnetic impurity scattering predict an in-
crease of the carrier spin precession frequency of about
2 — 3% with respect to the mean-field value w,, which
is consistent with the findings of Ref. 39. On the other
hand, the contribution from the non-magnetic carrier-
impurity correlations leads to a decrease of the precession
frequency which partially cancels the contribution from
the magnetic correlations.

In Figs. 5(b) and 5(d), the time evolution of the car-
rier spin polarization and the frequency renormalization
are shown for an external magnetic field of B = 100
mT. In this case, the envelope of the spin polariza-
tion decays only exponentially for the calculations with-
out non-magnetic impurity scattering. For Jy = 110
meVnm?, the spin polarization follows the exponential
decay of the simulation with Jy = 0 only up to about
5 ps. After that, it decays much slower, which is a new
non-Markovian effect that is absent if the non-magnetic
impurity scattering is disregarded. As can be seen in
Fig. 5(d), the frequency renormalization due to the mag-
netic interaction alone is almost zero. Nevertheless, when
the non-magnetic carrier-impurity correlations are taken
into account, the precession frequency shows a decrease
of about 2 — 3%. Thus, in contrast to the correlation-
induced renormalization in absence of non-magnetic scat-
tering where the renormalization is only observable for a
very narrow set of initial conditions??, including the non-
magnetic carrier-impurity interaction results in a signifi-
cant renormalization for a much broader set of excitation
conditions.

It is noteworthy that the frequency renormalization in
the quantum kinetic calculations is well reproduced by
the Markovian expression in Eq. (12b). The numerical
demands of the full quantum kinetic equations require a
restriction of the conduction band width Aiwpgz used in
the calculations to a few tens of meV. However, in real-
istic band structures, the band widths are of the order
of eV. In order to give an order-of-magnitude estimation
of the frequency renormalization for such band widths,
we present in Figs. 5(c) and 5(d) also the results of the
Markovian expression for the frequency renormalizations
using the value of hwpz = 1 eV together with the oc-
cupations obtained in the quantum kinetic calculations
for hwpz = 40 meV. This estimation yields a renormal-
ization of the precession frequencies due to the combined
effects of magnetic and non-magnetic scattering of about
5 — 7%. A quantitatively more accurate description re-
quires a more detailed treatment of the band structure,
which is beyond the scope of this article.

Note also that the frequency renormalization due to
the non-magnetic carrier-impurity correlations is domi-
nated by a cross-term proportional to JsqJo [cf. fourth
line in Eq. (12b)]. Thus, the sign of the frequency renor-
malization depends on the relative signs of the coupling
constants Jgq and Jy. In principle, this allows a determi-
nation of the sign of the magnetic coupling constant Jyq
which cannot be obtained directly, e.g., by measuring the
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giant Zeeman splitting of excitons®2.

IV. CONCLUSION

We have investigated the influence of non-magnetic im-
purity scattering at Mn impurities on the spin dynamics
in Cdy_;Mn,Te diluted magnetic semiconductors. To
this end, we have developed a quantum kinetic theory
taking the magnetic and non-magnetic carrier-impurity
correlations into account. The Markov limit of the quan-
tum kinetic equation is derived in order to distinguish
the Markovian dynamics from genuine quantum kinetic
effects.

In contrast to earlier studies in which only
the magnetic contribution to the carrier-impurity inter-
action has been considered, some non-Markovian effects,
such as a non-monotonic spin transfer between carriers
and impurities, are strongly suppressed in the case of the
conduction band of a Cd;_,Mn,Te quantum well, while
other features stemming from non-Markovian dynamics
are enhanced, such as the large finite stationary value
of the spin polarization in a magnetic field reached at
long times. The reason for the suppression in the former
case is that the non-magnetic impurity scattering leads
to a strong redistribution of carriers in k-space away from
the states at k = 0. Since memory effects are particu-
larly strong for carriers in proximity to the band edge??,
this redistribution leads to spin dynamics that are well
described by Markovian rate equations. The redistribu-
tion of the carriers implies an increase of their kinetic
energies which is provided by a build-up of (negative)
carrier-impurity correlation energy and which cannot be
described by a mean-field or semiclassical approximation.
We also provide analytic expressions for the correlation
energies in the form of functionals of the spin-up and
spin-down carrier occupations. Numerical calculations
confirm that these expressions indeed describe the cor-
relation energies obtained from the full quantum kinetic
theory very well.

Even though doping with magnetic impurities unavoid-
ably also provides a contribution to non-magnetic impu-
rity scattering, there can still be situations where the
latter is too weak to influence the spin dynamics and to
suppress otherwise visible non-Markovian effects. This is
substantiated by a model study of a Cd;_,Mn,Te quan-
tum well with degenerate valence bands, where the spin
polarization exhibits a non-monotonic time dependence
in the form of oscillations, while the Markovian treatment
predicts a simple exponential decay. Further investiga-
tions using a more realistic valence band structure are
needed in order to make more precise predictions about
possible non-Markovian features in the hole spin dynam-
ics in DMS.

In the presence of an external magnetic field paral-
lel to the initial carrier spin (Faraday geometry), earlier
studies®® that did not consider non-magnetic impurity
scattering predicted that the asymptotic value of the car-

25,27,37,40



rier spins in the conduction band of a DMS quantum well
at long times t are significantly different in quantum ki-
netic and Markovian calculations. This was attributed
to a broadening of the distribution of the scattered elec-
trons due to the build-up of strong carrier-impurity cor-
relations, which, because of the correlation energy, leads
to a non-conservation of single-particle energies. The
broadening results in an occupation of states by electrons
whose back-scattering to the original band is strongly
suppressed due to the lack of states with matching single-
particle energies. This induces a bias between spin-flip
scattering from the spin-up to the spin-down subband
and vice versa. In the presence of a strong non-magnetic
carrer-impurity interaction, the correlation energy be-
comes much larger and with it also the broadening of the
scattered carrier distribution and the deviations of the
asymptotic value of the carrier spin polarization from its
value obtained in Markovian calculations.

In the Voigt geometry, where the initial carrier spin po-
larization is perpendicular to the external field, the car-
rier spin precesses about the effective magnetic field com-
prised of the external field and the mean field due to the
impurity magnetization. There, the carrier-impurity cor-
relations lead to a renormalization of the spin precession
frequencies. An analytic expression for this renormaliza-
tion is presented and it is found to be of a similar form
as the expression for the correlation energies. The non-
magnetic carrier-impurity interaction influences the fre-
quency renormalization via a cross-term which vanishes if
either the magnetic or the non-magnetic carrier-impurity
interaction is neglected. In the case of the conduction
band of Cd;_,Mn,Te, the magnetic and non-magnetic
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contributions to the frequency renormalization have op-
posite signs. A measurement of the frequency renormal-
ization can therefore indicate the sign of the exchange
interaction. For magnetic fields at which the renormal-
ization due to the magnetic correlations is particularly
strong, the magnetic and non-magnetic contributions al-
most cancel each other. However, in most situations, the
purely magnetic contribution is relatively weak3?, so that
the cross-term dominates the total frequency renormal-
ization. The order of magnitude of the frequency renor-
malization for the cases considered here is about a few
percent of the mean-field precession frequency.

To summarize, the influence of the non-magnetic impu-
rity scattering on the spin dynamics in DMS is two-fold:
First, it leads to a significant redistribution of carriers in
k-space, which facilitates the suppression of some non-
Markovian effects in certain situations. Second, it causes
a formation of strong many-body correlations between
carriers and impurities, which result in large correlation
energies and a significant renormalization of the carrier
spin precession frequency.
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Appendix A: Reduced set of equations of motions

The equations of motions for the variables defined in
Eq. (6) are:

m sd
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