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ABSTRACT

This thesis presents optical characterizations of interfaces in ferromagnetic
heterostructures and thin films used for spin polarized electronic devices. In these
experiments, femtosecond laser spectroscopies are exploited to investigate the interface
magnetization reversal, spin precession, and band offset, which are crucial in determining
the performances of spintronic devices.

First, magnetization-induced second-harmonic-generation (MSHG) is applied to
study interface magnetism in a hybrid structure containing a noncentrosymmetric
semiconductor - Fe/AlGaAs. The reversal process of Fe interface layer magnetization is
compared with the bulk magnetization reversal. In Fe/AlGaAs (001), the interface
magnetization is found to be decoupled from the bulk magnetization based on the
different switching characteristics — single step switching occurs at the interface layer,
whereas two-jump switching occurs in the bulk. In contrast, the interface layer in
Fe/AlGaAs (110) is rigidly coupled with the bulk Fe, indicating a strong impact of
electronic structure on the magnetic interaction despite the same chemical composition.
Furthermore, a time-resolved MSHG study demonstrates a coherent interface
magnetization precession in Fe/AlGaAs (001), implying the feasibility of fast
precessional control of interfacial spin. The interface magnetization precession exhibits a
higher frequency and opposite phase for a given applied field compared to the bulk
magnetization precession.

Second, uniform magnetization precession in the Lag¢7Cag33MnO; (LCMO) and
Lag 67819 33Mn0O; (LSMO) films grown on different substrates are investigated by time-
resolved magneto-optic Kerr effect. The parameters of magnetic anisotropy are
determined from the field dependence of the precession frequency. The strain-free
LCMO films grown on NdGaOs; exhibit a uniaxial in-plane anisotropy induced by the
tilting of the oxygen octahedra in NdGaOs. An easy-plane magnetic anisotropy is found
in the tensile-strained films grown on SrTiO;, whereas the compressive-strained film
grown on LaAlO; exhibits an easy normal-to-plane axis.

Third, a table-top internal photoemission system is developed to measure the band
offsets across semiconductor heterointerfaces by utilizing an optical parametric amplifier
as the bright light source. The conduction band offsets AE; = 660 meV and 530 meV at
the CdCr,Ses-GaAs and CdCr:Ses-ZnSe interfaces are determined from the threshold
energies of the photocurrent spectrum. The band offset is shown to be reduced by
engineering the interface bonding and stoichiometry.

Xiii
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Chapter 1

Introduction

1.1 Semiconductor based magnetoelectronics

Electrons possess electric charge as well as intrinsic angular momentum (or spin).
Until recently, however, the spin of the electron was ignored in mainstream charge-based
semiconductor electronics. A new technology called spintronics (spin-based electronics)
has recently emerged, where it is not the electron charge but the electron spin that carries
information. Spintronics combines standard microelectronics with spin-dependent effects,
promising access to new technologies such as quantum computation and quantum
communication [1-3]. Advantages of spintronic devices compared with conventional
electronics would be their nonvolatility, increased data processing speed, decreased
electric power consumption, and increased integration densities.

The basic action in spin-polarized devices is based on spin-polarized transport,
which will occur naturally in any material for which there is an imbalance of the spin
populations at the Fermi level. This imbalance commonly occurs in ferromagnetic (FM)
metals because the density of states distribution for spin-up and spin-down electrons is
often nearly identical, but they are shifted in energy with respect to each other due to
exchange splitting (Fig. 1.1). This shift results in an unequal filling of the bands, which is

the source of the net magnetic moment for these materials, and it also causes the spin-up
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3
and spin-down carriers at the Fermi level to be unequal in number, character, and
mobility. This inequality can produce a net spin polarization in carrier transport.

The first step on the road to utilization of the spin-dependent transport was the
discovery of Giant Magnetoresistance (GMR) in 1988 [4]. GMR is observed in artificial
thin-film materials composed of alternate ferromagnetic and nonmagnetic layers. The
resistance of the material is lowest when the magnetic moments in the ferromagnetic
layers are aligned and highest when they are anti-aligned. These materials operate at
room temperature and exhibit substantial changes in resistivity when subjected to
relatively small magnetic fields (100 to 1000 Oe). Applications of this remarkably simple
effect include magnetic field sensors, read heads, galvanic isolators, and nonvolatile

magnetic random access memory (MRAM).

Er

> N(E)

Normal Ferromagnetic

Fig. 1.1: A schematic representation of the density of electronic states that are available
to electrons in a normal metal, and in a ferromagnetic metal whose majority spin states
are completely filled. E denotes the electron energy; Er is the Fermi level; N(E) denotes
the density of states. [2]

A successful commercial application is spin-valve-based read heads in hard drives.

A spin valve structure is composed of two ferromagnetic layers separated by a
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4
nonmagnetic metal. One of the two magnetic layers is pinned, i.e, the magnetization of
this layer is relatively insensitive to a moderate external magnetic field. In contrast, the
magnetization in the second layer can be reversed by application of a small magnetic
field. Basically, the magnetic configuration can be switched between parallel and
antiparallel configuration by a field of only a few Oersted, so that a large change of
resistance (~10 %) can be induced by a very small field. The spin valve-based read heads
have led to an increase of the density of stored information by almost two orders of
magnitude. It might however be hard to go beyond the 100 Gbit/in® of today's prototypes
with conventional spin valves. A further increase of read head sensitivity and information
density in hard discs will likely be achieved with magnetic tunnel junctions (MTJs) [5]
where the current is perpendicular to the planes (CPP).

More recent work has been focused on the integration of MTJs in integrated
circuits to function like a static semiconductor RAM chip with the added feature that the
data are retained with power off. Potential advantages of MRAM compared with silicon
electrically erasable programmable read-only memory (EEPROM) and flash memory are
1000 times faster write times, no wearout with write cycling (EEPROM and flash wear
out with about 1 million write cycles), and lower energy for writing. MRAM data access
times are about 1/10,000 that of hard disk drives.

While metallic spin devices provide new ways to store and read information in
hard discs, tapes or MRAM, semiconductor-based spintronics may offer many new
avenues and opportunities which are inaccessible to metal-based structures. This is due to
the characteristics for which semiconductors are so well known: the existence of a

bandgap which can often be tuned over a significant range in ternary compounds, the
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5
accompanying optical properties on which a vast optoelectronic industry is based, and the
ability to readily control carrier concentrations and transport characteristics via doping,
gate voltages and band offsets. Coupling the spin degree of freedom in modem
electronics may add substantially more functionality and capability to semiconductor
devices. In such devices, a magnetic state can be transformed into an optical signal and
vice versa, and the manipulation of spins presents some advantages in terms of speed and
required power over the transport of charge in conventional electronics. Furthermore,
semiconductor-based spintronics could combine storage, detection, logic, and
communication capabilities on a single chip to produce a multifunctional device that
could replace several components.

A number of semiconductor-based spin dependent devices have been proposed
and discussed. One of the earliest devices proposed by Datta and Das [6] is the spin-
polarized field effect transistor (spin-FET) shown in Fig. 1.2. Spin-polarized electrons are
injected from a ferromagnetic pad into an inversion layer formed at the heterojunction
providing a very high mobility two-dimensional electron gas channel, free of spin flip
scattering events. The electric field in this layer induces a spin-orbit effect on the carriers
drifting parallel to the interface, which causes the spins of the carriers to precess. The
spin precession can be altered by applying a gate voltage to increase or decrease the
effective electric field. When these carriers reach the ferromagnetic drain contact, they
will be transmitted or reflected with some probability depending on the alignment of the
carriers spin with respect to the magnetization vector in the drain pad, thus permitting the

modulation of the current passing through the device.
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6
Other semiconductor spintronic devices proposed in the literature include: light
emitting diodes (Spin-LEDs), tunable optical isolator, resonant tunneling diodes (Spin-
RTDs), gated spin coherent devices, and quantum bits (Qubits) for quantum computing.
Some degree of success has been achieved in each of these devices. However, more
significant progress toward a practical device has been hampered by the lack of one or

more of the components essential to the intended operation.

Two-dimensional electron gas

Fig. 1.2 Spin-polarized field effect transistor scheme. V, is the gate voltage. [6]

There are four essential requirements for implementing semiconductor spintronics
technology in practical devices, as can be seen by inspection of the spin-FET:
1) efficient injection of spin-polarized carriers into semiconductors,
2) sufficient spin diffusion length and lifetime for transport within the semiconductor
host medium,
3) effective control and manipulation of spin carriers,

4) efficient detection of spin to provide the result.
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Successful spin injection into semiconductors has been achieved by using
magnetic semiconductors and ferromagnetic metals as spin injecting contact. This will be
discussed in more detail in the following section.

A number of time-resolved optical experiments have demonstrated a remarkable
long spin lifetime and efficient spin transport in direct band gap semiconductor materials
such as GaAs [7-9]. In these experiments, a circular-polarized optical pulse is used to
create spin-polarized carriers and a time delayed probe pulse monitors the phase,
amplitude, and location of the resulting spin precession. Spin lifetimes >100 ns [7] and
spin diffusion length of many microns [8,9] have been reported in optically pumped bulk
GaAs. In quantum dots, nanosecond spin dynamics persists to room temperature, and a
longer spin lifetime [10,11] has been observed as the discrete energy spectrum and the
exclusion principle inhibit both elastic spin flip and inelastic phonon scattering

mechanism.

1.2 Spin injection

Spin polarized carriers can be generated by optical pumping utilizing quantum
selection rules in bulk semiconductor as well as in heterostructure and quantum dots.
However, electrical generation of spins is more preferred for integration with existing
semiconductor technology.

One simple approach to eclectrically generate spin polarized carriers in a
semiconductor is the injection of spins from a magnetic material in intimate contact with
the semiconductor. Great efforts have been put into synthesis and characterization of new

magnetic semiconductors since such materials enable the design of the spin injecting
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interface based on the familiar principles of bandgap engineering between similar
structures and properties.

The first demonstrations of electrical spin injection were reported by Fiederling et
al [12] and Jonker et al [13] using a diluted magnetic semiconductor (DMS) as magnetic
contact. In both cases, electron spin polarization of more than 50% reveals an efficient
spin transport across the interface. However, the requirements of relatively low
temperature (<10 K) and high magnetic field (>1 T) inhibit practical application.

Ferromagnetic semiconductors (FMS) exhibit long range ferromagnetic order
below a characteristic Curie temperature and can also be used for spin injection. Recently,
FM order was discovered in GaMnAs and InMnAs where Mn acts as both magnetic
element and acceptor providing the source of spin polarized holes [14]. Although such
host semiconductor materials are widely recognized for applications, the extremely short
spin lifetime of the holes and high hole mass are serious drawbacks for device operation
(3]

The difficulties of achieving high spin-injection efficiency from magnetic
semiconductors in a practical regime led to an extensive investigation of ferromagnetic
metals as magnetic contacts. Although the metal-semiconductor interface structure for
these materials is not well understood, ferromagnetic metals present several advantages in
terms of low coercive field, high Curie temperature and fast switching time over the
magnetic semiconductor.

In the diffusive transport regime, spin injection from a FM metal in intimate
contact with a semiconductor was measured to be less than 1% [15]. Theoretical

calculations attribute this small effect to the conductivity mismatch between metal and
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semiconductor which leads to spin accumulation and enhanced spin flip scattering at the
heterointerface [16,17]. In such condition, successful spin mjection can be achieved only
if the spin polarization in the metal is 100%. However, this obstacle can be circumvented
by inserting a tunneling barrier, so that the resistance is dominated by the interface
supporting a difference in electrochemical potential between the spin-up and spin-down
bands [ 18 ]. Indeed, several groups have reported successful spin injection into
semiconductor heterostructures from FM metals using a variety of tunnel barriers,
including Schottky contacts, thin metal oxides and AlAs [19-21].

Metal oxide such as AlO forms a canonical rectangular barrier which can be
easily controlled by altering the tunneling width. The Schottky contact formed between a
metal and a semiconductor provides a natural potential barrier with pseudo-triangle shape.
The barrier width represented by the depletion layer can be controlled by the doping level
of the semiconductor.

Half-metallic ferromagnets represent a new class of materials for spin injection
contacts. The concept of half-metallic ferromagnets was introduced by de Groot ef al.
[22], on the basis of band structure calculations in NiMnSb and PtMnSb semi-Heusler
phases. Due to the ferromagnetic coupling, the spin-up subband (generally the majority-
spin) is metallic, whereas the Fermi level falls into a gap of the spin-down subband. Thus,
the spin polarization of electrons at the Fermi level is 100%, which meets the criteria for
efficient spin injection in the diffusive regime. Obvious conditions for the occurrence of
this new class of materials are the existence of narrow bands and energy gaps in the
energy spectrum, and of strong ferromagnetic interactions. Half metals are the extreme

case of strong ferromagnets (or saturated Hubbard ferromagnets), where not only 3d
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electrons are fully polarized, but also other unpolarized bands (s or p type) do not cross
the Fermi level. Besides the case of semi-Heusler compounds, half metallic behavior is
also found in CrO; and in (La;xSry)MnO3; (LSMO) ferromagnetic manganites at room

temperature.

1.3 Spin transport across interface

Spin transport in a magnetic heterostructure may be strongly affected by the
character of the interface, which was revealed by experiments as well as theoretical
studies.

First, Stroud et ol [23] highlighted the importance of interface defects: Analysis of
ZnMnSe/AlGaAs(001) spin polarized light—emittiﬂg diodes (spin-LEDs) revealed that
interface defects, such as stacking faults, limit spin-injection efficiency in diffusive
transport, and thus are a potential source of spin flip scattering in semiconductor
spintronic devices. In addition, a band offset across the heterointerface is an important
factor in affecting the spin-flip scattering rate. The dissipation of high kinetic energy of
spin-polarized carriers diffusing through an interface with high band offset is likely to
proceed by non-spin-conserving mechanism, lowering the spin polarization.

An interface derived effect was also observed in LaSr; MnOs3/SrTiO;
(LSMO/STO) tunnel junctions. Here the tunneling magnetoresistance is much smaller
than that expected from the half metallic nature of LSMO, and the response 1s diminished
at temperature far below Curie temperature T, [24,25]. The decreased MR has been
attributed to severe deterioration of the ferromagnetism locally occurring near the

LSMO/STO interfacial region [26].
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More interestingly, the interface may change the sign of spin polarization of
carriers tunneling from a FM metal into an insulator or semiconductor layer. In the past
decade, extensive data have been obtained with FM/AIO/Al junctions, and a positive
polarization has been found for all the ferromagnetic metals and alloys that have been
studied [27]. This is surprising, especially for metals like Co or Ni in which a negative
polarization is expected from the smaller density of states at Fermi level for the majority
spin band. Recent studies [28,29], however, show that the sign of the spin polarization
depends on the choice of the barrier materials. In Co/I/LSMO tunnel junctions, the
effective polarization of Co was found to be positive when 1 is AlO, and negative when |
is STO or Cegeolagi;O (CLO). Theoretical calculations have shown that the charge
transfer and bonding mechanism modify the spin-polarized density of states (DOS) at the
interface layer. This can be viewed as a purely interface filtering effect controlling the
polarized evanescent wave in the barrier [30,31].

In summary, interface driven magnetic interactions may lead to differences in
magnetic character between the interface and bulk layers, manifested as changes in
magnetic moment and spin polarization. These characters are essential in determining the
steady state of the injected current. However, aforementioned observations provide no
direct clarification of the magnetic characters at the interface. Therefore, it is highly
desirable to develop new approaches to directly probe the spin-polarized density of states
at the interface. In addition, it is equally important to address the interface magnetic
anisotropy and magnetization reversal process which may also be quite different due to

the discontinuity of the chemical environment at the interface in such hybrid structures.
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These properties have great impact on the switching behavior and precessional dynamics,

which are key elements for high speed spintronic devices.

1.4 Magnetization switching and dynamics

Understanding the magnetization dynamics and switching process has become
important as magnetic recording and magnetoelectronic technologies push toward
operation in the gigahertz regime and nanoscale size. In large particles, the magnetization
switches by nucleation and expansion of reversed domains, leading to the switching time
in the nanosecond range due to spin lattice relaxation, which was very fast from the
perspective of semiconductor technology decades ago. This intrinsic response time,
however, is now a potential limitation of magnetic technology, which must keep pace
with semiconductor circuits that can operate well above 1 GHz. Thus, a faster switching
mode is required to improve the operation speed of spintronic devices such as MRAMs.
Indeed, a prominent fast switching mode can occur by uniform rotation in small particles
with a single domain, which may push the switching time into the picosecond range.

Precessional switching was first demonstrated by using a shaped magnetic field
pulse [32], where the magnetization M precesses around a transient field applied
perpendicular to M and stops at the opposite direction when the field ends. Recently, a
spin-polarized current is found to apply a torque to the local magnetization by
transferring spin angular momentum to M [33], allowing excitation of a steady state
precessional mode and a magnetization reversal without application of a magnetic field.
Moreover, coherent control of magnetization by ultrashort laser pulse may provide a new

scheme of non-field-driven manipulation and switching. Advanced techniques to shape
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laser pulse provide the possibility to manipulate the magnetization with high precision. In
all of these approaches, precise control of ultrafast magnetization dynamics is a crucial
prerequisite to achieve reliable and fast switching.

Time-resolved magneto-optical technique allows investigation of the evolution of
spins and their interaction with electrons and phonons in femtosecond timescales, thus
providing a microscopic view into the ¢xcitation and relaxation process of magnetization
precession. It is anticipated that these investigations will significantly contribute to

further development of spintronics.

1.5 Scope of this dissertation

In the course of this dissertation, | performed time-resolved nonlinear/linear
magneto-optical studies on ferromagnetic-metal/semiconductor and half-metallic-
ferromagnet/insulator heterointerfaces, and internal photo-emission studies on
ferromagnetic/nonmagnetic semiconductor heterointerfaces. The goal has been to
develop approaches to directly study interface magnetism, spin dynamics, and electronic
properties relevant to spin injection and MTJ application. The focus is on three important
systems:

Ferromagnetic-metal/Semiconductor Interface - For the first time, magnetization-

induced second-harmonic-generation (MSHG) is applied to directly study interface
magnetism in a hybrid structure containing a noncentrosymmetric semiconductor -
Fe/AlGaAs. A strong interface magnetization induced effect 1s observed in the azimuthal
dependence of SH intensity for judicious selection of a polarization combination, leading

to a high sensitivity to interface magnetization. The reversal process of Fe interface layer
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magnetization is compared with the reversal of the bulk magnetization obtained from the
magneto-optic Kerr effect (MOKE). The switching characteristics are distinctly different
due to interface-derived anisotropy — single step switching occurs at the interface layer,
while two-jump switching occurs in the bulk Fe for the magnetic field orientations
employed in Fe/AlGaAs (001). Furthermore, a time-resolved MSHG (TR-MSHG) study
demonstrates a coherent interface magnetization precession, implying the feasibility of
fast precessional control of interfacial spin. The interface magnetic anisotropy is analyzed
based on Landau-Lifshitz-Gilbert (LLG) equations. It is also compared with the bulk
anisotropy determined from bulk magnetization precession measurements.

Half-metallic Ferromagnet/Insulator Heterostructure — Time-resolved MOKE

experiments (TR-MOKE) are performed to systematically study the magnetization
precession In Lag¢7Cap 33MnO; (LCMO) and Lage7Sro3:MnO; (LSMO) on different
substrates including SrTiO3;, NdGaO; (NGO), and LaAlO; (LAO). The measurements are
carried out in a wide range of magnetic field (0 ~ 4 T) and temperature (10 ~ 300 K),
with precession frequency varying from several to hundred GHz. The magnetic
anisotropy is determined from the measured ficld and azimuthal dependence of the
precession frequency. The interface bonding and strain induce a pronounced effect on the
magnetization precession dynamics.

Ferromagnetic/Nonmagnetic Semiconductor Heterojunction — Internal photo-

emission is applied to determine the band offsets at CdCr,Ses—(AlGa)As and CdCr,Ses—

ZnSe interfaces. The conduction band offsets AE, = 660 and 530 meV at the CdCr,;Ses—

GaAs and CdCr,;Ses— ZnSe interfaces are determined from the threshold energies of the
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photocurrent spectrum at room temperature. The band offset has been reduced

successfully by engineering of the interface bonding and stoichiometry.
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Chapter 2

Experimental Techniques

This chapter presents the optical characterization techniques which have been
used to study magnetic and electronic properties. Section 2.1 describes the magneto-
optic Kerr effect and the optical geometries for measuring magnetization vector
components. An interface magnetization sensitive technique — magnetization-induced
second-harmonic generation — is described in section 2.2, including a detailed analysis of
nonlinear susceptibilities in Fe/AlGaAs and the corresponding experimental
consideration. Section 2.3 presents the time-resolved magneto-optic techniques for
probing interface and bulk magnetization dynamics. The magnetization precessions and
its mathematical derivations are also discussed in this section. Section 2.4 describes the
internal photoemission technique utilizing a table-top tunable laser system with high

brightness.

2.1 Magneto-optic Kerr effect

A linear polarized light undergoes a change of polarization state upon reflection
from a magnetic medium. This is known as magneto-optic Kerr effect. Magneto-optics is
presently described in the context of either microscopic quantum theory [34] or

macroscopic dielectric theory [35].
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Microscopically, the coupling between light and electron spin occurs through the

spin-orbit coupling, (VV X p) e s, which results from the interaction of the electron spins

with the effective magnetic field the electron “sees” as it moves through the electric field
—VV with momentum p inside a medium. Such an interaction gives rise to off-diagonal
components of the dielectric tensor, which is determined by the motion of electrons in a
magnetic medium with imbalanced populations of spin-up and spin-down electrons.
Macroscopic descriptions of the magneto-optic effect are based on the dielectric

properties of a magnetic medium, represented by a dielectric tensor [35]:

10, -iQ,
=g, —iQ, I Q0. |. 2.1
iQy _iQx 1

From Maxwell’s equations, the normal modes of light propagating in such

medium are left-circular polarized light with refraction index n, :n(l—%QOIg) , and

right-circular polarized light with refraction index n, = n(l —%QOI;) , where n = Jeis

the average refraction of index, Q =(0,,0,,0.)1s the Voigt vector, and k is the unit

vector along the direction of the light propagation. A linear polarized light propagating in
the medium will then decompose into left- and right-circular polarized light modes. The
difference between the real parts of n, and n, results in phase shifts of the two normal
modes due to their different propagating velocities, leading to a rotation of polarization
plane of the light. At the same time, the difference between the imaginary parts of n,
and n, cause the different absorption rates for the two normal modes, affecting the

ellipticity of the light.
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The magneto-optic Kerr effects are categorized according to the geometry of the
magnetization in relation to the plane of incidence and the film plane (Fig. 2.1): the
longitudinal geometry, in which the applied field lies in the plane of the sample and in the
incident plane; the transverse geometry, in which the applied field lies in the plane of the
sample but is perpendicular to the incident plane; and the polar geometry, in which the

applied field is perpendicular to the plane of the sample and in the incident plane.

 Longitudinal

Fig. 2.1: Geometries of longitudinal, transverse, and polar Kerr effects.

For conventional MOKE measurements, a beam of light passes through a linear
polarizer and is incident on the sample, and the reflected beam passes through an
analyzing polarizer (analyzer) and is measured by a photodetector. The setting of the
analyzer depends on the magnetization component to be detected. For the longitudinal (or

polar) geometry, the analyzer angle is set close to 90° with respect to the incident plane of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



19
polarization. For the transverse geometry, the analyzer is set to 0° to transmit light with
the same polarization as incident light. At analyzer angles between these extremes, the
intensity of the transmitted light depends upon both components [36].

The nature of the magneto-optic Kerr effect depends on the orientation of the
magnetization M with respect to the incident plane and the plane of the sample. The
longitudinal and polar components of M changes the polarization state of the light upon
reflection. In contrast, the transverse component of M only change the intensity of the
reflected beam (for p polarized incident light), and no ellipticity occurs [37]. This is

summarized in Table 2.1.

Table 2.1: The Fresnel coefficients for p polarized light incident on a magnetic layer
having dielectric constant of €. The incident angle and the refracted angle in the magnetic
layer is given by 6, and 8,. The substitutions ¢, =cos§, and &, =cos8, are used. The
Voigt coefficients 0,,0, and Q, are proportional to the magnitude of the magnetization
along the corresponding directions.

Tpp Tps
Pol \/Eal -, 0, \/Eal
olar = —
Jea, +a, iWea, +a, ) a, +Jea,)
L onsitudinal Jea, - a, 0, \/Ea, tan 6,
ongitudina —_
Jea, + a, i(\/gal +a,)(a, + «/Eaz)
Jea,1-02 10} —a, —iNeO,a, tan 6,
Transverse 0
JeaJ1-02 10} +a, —iNeQ,a, tan 6,
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2.2 Magnetization-induced second-harmonic-generation

2.2.1 Nonlinear magnetic susceptibility
The optical second-harmonic polarization P (2w) of a magnetic medium 1is

phenomenologically described by a third-rank nonlinear susceptibility tensor for the

crystallographic contribution 7 and a fourth-rank axial tensor Yy, for the

magnetization-induced part [38]:

PQw) = x5 E (0E, (@) + 1 E (QE (@M, ij,kl=xy.2 2.2)

Y
where M is the magnetization of the medium and E(w) is the fundamental field. In the
bulk of a centrosymmetric medium, the electric dipole contributions to both nonlinear
susceptibilities are identically zero. At the surface and interface, the inversion symmetry
is broken, resulting in the surface and interface induced components. The magnetization

of the medium will not break the inversion symmetry of the bulk, but can lower the

surface and interface symmetry modifying the nonlinear susceptibility. Therefore, y;, 1s

only nonzero at the surface and interface in a centrosymmetric medium.
For a particular magneto-optical configuration, Eq. (2.2) may be simplified to one
third-rank tensor with different components, which are either even or odd in M,

describing the crystallographic or the magnetization-induced contribution, respectively:

PQoOEM) = (1}, (M) £ 1, (EM)E (0)E, (®). 2.3)

The odd component ¥, changes sign upon magnetization reversal and therefore give

rise to the magnetic asymmetry in the MSHG response.
On a microscopic level, this asymmetry arises, as in linear magneto-optics, due to

the splitting of the energy levels by the exchange and the spin orbit interactions [39,40].
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The relation between the microscopic spin-dependent band structure and the nonlinear

magneto-optical susceptibility can be written as:

. (aldc)Xc|bXblk|a)
X (20,0, 0) %(27@(0—&0 +ihl, Yhw—E,, +ikl,,)’ 24)

where |a) , b) ,and |c> are spin dependent initial, intermediate, and final states.

The symmetry of the nonlinear susceptibility is dictated by the symmetry of the
particular surface under consideration. The nonzero elements of y can be obtained under
symmetry operations [41]:

X =2 ZEZ LT, T i (2.5)
where T is the 3 %3 transformation matrix for each symmetry operation.

Similar to MOKE, the MSHG response depends on the geometry of
magnetization in relation to the incident light and sample plane. The measured intensity

in a fixed experimental geometry with opposite magnetization direction can, in general,

be written as a sum of effective tensor components:

1*20) = |z, Qo) £ 15, Qo) (2.6)

where y; and y,, are linear combinations of the even and odd tensor elements and

eff

Fresnel factors «,

Ky = zaijkxg'k 2.7

i,/ .k
The magnetic asymmetry can then be defined as

AT
I"+1

A=

(2.8)
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Because the asymmetry 4 is normalized to the total SH intensity, it does not depend on
the intensity of the fundamental light. Thus, a large asymmetry A can be expected since
the magnitude of the odd components may be in the same order of that of even
components, leading to a large nonlinear Kerr rotation which can be 3 orders of
magnitude stronger than the linear one [42,43].

Previous studies on the buried interface magnetization by MSHG have focused on
the centrosymmetric structures. In the following, MSHG studies on the interface

magnetization in Fe/AlGaAs containing a noncentrosymmetric material are discussed.

Table 2.2: The nonzero elements of the MSHG susceptibility tensor for Fe/AlGaAs (001)
structure in the longitudinal configuration (M I/ %). The surface is in the %- j plane. x

and %~ denote the even and odd elements with magnetization. The even elements from
interface and bulk are indicated by subscripts a and b.

Sample X X Input Output
Orientation Polarization Polarization
M, // [100] yyy S S
yxz© = yzx" VXX, YZZ p s
zyy* s p
xzx* = xxz* p p
zxx*, zzz*
M, //[110] yyy s s
YXX, yZZ p s
zyy*? s P
xzx:"’b = xxz** P p
Zxx*® 777°

Although MSHG is intrinsically sensitive to the interface magnetization in the
centrosymmetric layer (Fe: bcc), a bulk response may be generated in the
noncentrosymmetric material (AlGaAs: zinc blende) which significantly reduces the
nonlinear magneto-optical effect. However, this bulk derived signal may be avoided by

judicious selection of input- and MSHG-light polarization combination. To quantitatively
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describe this, we have analyzed the tensor components ,1/;.,\, and y, in Fe/AlGaAs (001)

heterostructures and collect in Table 2.2.

For both principle crystallographic directions <100> and <110>, the magnetic

components ¥ contribute only to the s-polarized MSHG signal. In particular, for s-

input polarization and s-polarized MSHG signal, a large bulk response from the GaAs
(001) substrate can be avoided since it contains only a magnetization-induced response.
This combination yields the following azimuthal pattern for the SH intensity

measurement:
1Q2w,$,£M) = |+ 4** + B™* cos 4| 2.9)

Here the coefficients 4™ and B** are the combinations of magnetization-induced
nonlinear tensor clements and Fresnel factors. These terms change sign upon
magnetization reversal. However, this pattern does not yield any effect of magnetization
reversal for the MSHG intensity measurement. Therefore, a mixture of small p-polarized
bulk SHG component with MSHG signal is required to obtain a magnetic contrast in such
measurement. This can be achieved simply by rotating the analyzer a few degrees. In
addition, the signal in ideal S;;So,« combination is normally small as shown in
measurements from centrosymmetric structures, which may lead to very low signal to
noise ratio for the M-H loops. Although the bulk signal can reduce the magnetic contrast,
a small mixed-in bulk component may be helpful to improve the signal to noise ratio
because the interference of this component with the magnetization induced response will
increase the total MSHG intensity. We will show later in the experiment that this mixed-
in component is indeed helpful to enhance the nonlinear magneto-optical response,

resulting in high sensitivity to the interface magnetization.
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Similarly, we have analyzed the tensor components y;, and y in Fe/GaAs (110)

heterostructure collected in table 2.3. In contrast to (100) face, no simple polarization
combinations can be used to measure the azimuthal pattern showing magnetization effect
in this structure. To get a high magnetic contrast in the magnetization reversal
measurements, we need to select specific polarization combinations for different
orientations. From the table, we find that Pi,S,.: can be used for [001] and [-111]

directions, and S;j;Soy is suitable for [001] and [1-10] directions.

Table 2.3: The nonzero elements of the MSHG susceptibility tensor for Fe/AlGaAs (110)
structure in the longitudinal configuration (M // %). The surface is in the %-J plane. x

and x~ denote the even and odd elements with magnetization. The even elements from
interface and bulk are indicated by subscripts a and b.

Sample Orientation x X Input Output
- Polarization Polarization
M, // [001] Wy . .
VXX, YZZ p S

zyy", xyy® s D
xzx"=xxz" p p
zxx"*, zzz"
2x2°=7zx"
xzz°

M, //[-111] yyyb yyy S
yzx*=yxz" VXX, yZZ
yxx*, yzz°
2yy", Xyy" xyy s b
xzx®* = xxz" XXX, XZZ P p
zxx®, 227" ZXZ=ZZX
xxx®, xzz°
2x7°=7zx"

M, // [1-10] vy . .
yxx°, yzz° VXX, YZZ p s
Zyyév . S p
xzx*=xxz" P p
zxx*, zzz*
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2.2.2 Experimental considerations

MSHG experiments are performed with a Ti:sapphire amplifier system (Spectra
Physics) generating 150-femtosecond pulses with 1-mJ energy at 1-KHz repetition rate
and 800-nm wavelength. The attenuated laser beam (15 mW) 1s focused to a ~500-um
diameter spot on the sample at an angle of incidence of 45° (Fig. 2.2). The SHG signal is
generated in the direction of the reflected laser beam, and is detected with a high signal-
to-noise ratio using a photomultiplier tube (PMT) (Hamamatsu R2949) and a chopper in
combination with a lock-in amplifier (PerkInElmer 7265). The SHG light is effectively
filtered using the combination of a prism and blue filters. For measurements of the
azimuthal angle dependence of the MSHG signal, the sample is mounted on a computer-
controlled rotation stage between the poles of an electromagnet, with the magnetic field
applied in the plane of the Fe film. The experimental setup allows measurements of

magnetic hysteresis loops in longitudinal geometry.

/

X
i

3

Fig. 2.2: Schematic MSHG experimental geometry: sample rotates azimuthally in the
applied magnetic field in longitudinal magneto-optical configuration. The notations p and
s denote the polarizations parallel and perpendicular to the incident plane of reflection,
respectively.
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First, we performed rotational SHG measurements at zero field in 10-nm Fe films
grown on AlGaAs (001) for different polarization combinations (Fig. 2.3). The SHG
response for the combination of input p and output s polarizations shows a four-fold
symmetry, indicating a pure bulk response from AlGaAs layer and the substrate. Both
four-fold and two-fold symmetry are revealed in the SHG response for combination of
input p and output p polarizations. This is caused by a superposition of cubic bulk SHG
response and an isotropic component generated from Fe/AlGaAs interface. The surface
contribution to isotropic SHG is small due to the oxidization when exposure to the
ambient air. Such results are well expected for a bilayer system of a body-centered-cubic
(bee) crystal on a zinc-blende structure, indicating a well established setup ready to probe

the SHG response from the interface magnetization.

pinSout

180 180

270 270

Fig. 2.3: Rotational SHG intensity curves from 10 nm Fe (001) film for different
polarization combinations. The axis along 0° corresponds to the hard [1-10] direction in
the bulk Fe.
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Next, we performed the rotational MSHG measurements in 10-nm Fe/AlGaAs
(001). In these measurements, the applied field is set at +600 Oe so that the
magnetization is aligned along the field direction, and the incident light is s-polarized and
the SHG light pass through the analyzer set at angle a with respect to the s-polarized
direction. We can clearly see a magnetic contrast in each polarization combination shown
in Figure 2.4. This magnetic contrast can be quantitatively described by the magnetic
asymmetry:

Ala)=[1Qw,a0,+M) - IQRw,0,~M))/[ I 2w, a,+ M)+ [ 2w, a,—M)], (2.10)
where [ represents the SH intensity measured for both magnetization directions, which is
given by:

1Qw,0,£M) = |E, Qw)sin(@)  E, (2w)e” cosdf . @11)
It 1s then easily calculated that

A(@) =20, ctgafl + (P yctga)’ ] cos @ (2.12)
with the magnitude of the nonlinear complex Kerr angle ®, = E (20)/ E,(20) . Figure

2.5 depicts the asymmetry as a function of the analyzer angle a with magnetization along
[1-10] direction. We note that the asymmetry is significantly reduced when p-polarized
light generated from bulk GaAs is involved at large a (>20°). However, the SH intensity
is very small at a<1°, leading to low signal-to-noise ratio and large uncertainty of the
asymmetry measurement. Therefore, the large MSHG signal and asymmetry at medium o
(4°~20°) must result from the interference between bulk p-polarized component and

magnetization induced s-polarized component. We determine the correlated phase ¢=66°
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from the fit to the asymmetry measurement in Fig. 3.5 using Eq. (2.12). At the same

time we obtain a nonlinear Kerr angle ®, =1.6".

180 F-

270 270

180

270 270

Fig. 2.4: Longitudinal nonlinear magneto-optical effect in a 10-nm Fe film on AlGaAs
(001) for different analyzer angles. The incident light is s polarized, and SHG pass
through the analyzer set at angle o with respect to the s-polarized direction. The
experimental data are shown by circles and the best fits by Eq. (2.13) are shown by solid
lines.
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Fig. 2.5: Asymmetry A as a function of the analyzer angle a for magnetization along [1-
10] direction of Fe/AlGaAs (001) for s polarized incident light. Solid line is the best fit
according to Eq. (2.12).

We discuss next in detail the anisotropy components in the rotational MSHG
intensity curves. The two-fold symmetry is clearly caused by p-polarized signal generated

from the bulk GaAs, which has formcos2¢ . The isotropic component from the interface

also contributes to the p-polarized signal. However, this even component and the odd
component described in section 2.2.1 are not able to describe the angular shifts of the
four loops in each curve. Therefore, one has to take into account additional anisotropic
contributions to the second order nonlinear response. In particular, the nonlocal
(quadrupole-allowed) contribution from the bulk of a cubic metal and semiconductor can
lead to a four-fold anisotropy of SHG which has form sin4¢ for purely SinSou
polarization combination. We may neglect the quadrupole contribution for SiPou
combination which does not contribute to the angular shift and is much smaller than other

lower order components. Very surprisingly, we find a unidirectional component in the
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rotational intensity curves, which may result from a vicinal surface. However, the
rotational patterns of Pj,Po, and Pi,Soue do not show a clear unidirectional component.
The fact that this component appears in Si,S,, rotational intensity curve at zero fields
indicates that it is of structural origin instead of magnetic. By accounting for these

additional contributions, the rotational patterns are modified as:

1Qa,¢,00,x M) = |(iA” cosa + B** cosdgcosa)e” + C* sinor +
(2.13)

2

D*? cos2¢sina+ F** sindgcosa+ U** sin(@ + @) sin

The last term in Eq. (2.13) represents the unidirectional component pointing along a
direction specified by 0. This equation is used for the theoretical fits to the experimental
data of Fig. 2.4, showing a good agreement between experiment and theory. The
azimuthal amplitudes A™, B>, C*?, D**, F**, and U®" used in the fits are given in Table
24.

Table 2.4: Azimuthal amplitudes in the fits to the rotational MSHG intensity curves by
Eq. (2.13) for Fe/AlGaAs (001).

ASS B CsP DsP Fs,s Us,p

+0.6 +0.1 3 21 04 0.6

In the fitting process, we use the same phase ¢ as obtained from the analyzer angle
dependence of asymmetry along [1-10] direction. From the ratio (A**+B>%)/(C*P+D*P),

we determine the nonlinear Kerr angle along this direction, @, =1.7°, which agrees with

the value obtained previously.
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To summarize, we find the components generating the rotational MSHG intensity
are: (1) the interface magnetization-induced component, (2) the bulk nonmagnetic
response from GaAs, (3) the interface (dipole-like) nonmagnetic contribution, (4) the
nonlocal (quadrouple-allowed) nonmagnetic response from bulk GaAs and Fe, and (5)

the nonmagnetic unidirectional contribution (its origin is not unambiguously identified).

2.3 Time-resolved MOKE and MSHG spectroscopy

2.3.1 Laser induced magnetization precession

Ultrafast demagnetization and laser induced precession are among the important
magnetic phenomena triggered by short laser pulse. The femtosecond time resolution
allows the investigation of precession frequencies up to tens of terahertz. The time
evolution of the magnetization precession also provides direct information on damping
parameters which can only be obtained indirectly from the broadened absorption lines by
non-time resolved techniques. In the following we give a brief description of the
precession motion of the magnetization in ferromagnetic material.

The precession motion of magnetization can be described by the Landau-Lifshitz-

Gilbert equation:

dM _ o - dM
—=—-WIxXH_  +—Mx—- 2.14
dt M xHy M dt @14

where ¥ is the gyromagnetic ratio given by gu, /h, and «1s the dimensionless Gilbert
damping constant. The effective field H, , is the sum of external magnetic field,

demagnetization field, anisotropy field, dipolar field, and exchange field. The torque on

the magnetic moment produced by H,, drives a precession motion around the direction

e

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



32
of the effective field (Fig. 2.6), depicted by the first term. The precession is damped by
exchanging energy and angular momentum with environment, which is described by the

second term, until the magnetization finally aligns parallel to /.

4 Heff

=

Fig. 2.6: Precession of magnetization in the effective magnetic field.

For small angle precession, Eq. (2.14) can be solved analytically involving the
following steps: (1) finding the equilibrium orientation of magnetization determined by
competition of the anisotropies and the applied field; (2) deriving the equations of motion
describing torques acting on spins deviating slightly from the equilibrium orientation due
to the effective field; (3) solving the linearized equations of motion, together with
Maxwell’s equations, and electromagnetic and exchange boundary conditions, to obtain
the frequencies of the spin wave modes.

In the following, we give an example of how to derive the uniform magnetization

precession frequency in a thin ferromagnetic film with external field H, applied in the

film plane. The measurement configuration can be described by the angle of the applied
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field 0 and the equilibrium angle of magnetization ¢ with respect to the [100] direction
of the film (Fig 2.7). The magnetic free energy of the film takes on the form:

2

K, ., . . 2
E, :T"’sin“(2¢)+KU sin’(¢—7x/4)+ K sin® +27aM 7, (2.15)

where K, and K, are the in-plane cubic and uniaxial anisotropy constants, respectively.
K | is the out-of-plane anisotropy constant, and & denotes the equilibrium angle between

the magnetization and the film plane.

Ay

He

x//M

X' //[100]

Fig. 2.7: Coordinate system used for calculating the magnetization precession frequency
in a ferromagnetic thin film.

The equilibrium position of magnetization is in the film plane and given by:

) K
—%’—sin2¢cosZ¢+jcos2¢+Hd sin(6—¢) =0. (2.16)

s §

The magnetization precession motion driven by the magnetic torque reads:

y 4 4 X y z
m
m,‘ x+ ¥ y+ m;_- Z:_ M_‘. +m\~ mv m_ R (2.]7)
dt dt dt ’ ' l
H, Hy H.
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where H ,H ,H are the effective field components along x, y, and z directions,

respectively. These fields are given by:

H, - dE,
dM
, = _9E, (2.18)
y
__dE,
: aM
where E, needs to be rewritten as:
(M cos¢p—M, sin @)’ X (M sing+ M, cos @)’
E, =K, R
(2.19)
M (sing—cos @)+ M (cos¢g+sin 2
u[ (sin g —cos§) + M (cos ¢ +sin 9)]’ KlMi+27sz
2M; M; i
Thus, the torque equations become:
1 dm K, Ky (o 2
— M, —sin*(2¢) + (sing —cos@)” — H, cos(d — @) Im,
y d M, M, M, )
d 2K, (220
l—nl— =[ 0s(4¢) + K, sin(2¢) + H, cos(d — P)im,
y da M, M, '
For the uniform precession, m, and m_ have the form:
ml _ " x(a+<p’
! : (2.21)
mr — ela)(+¢7

The precession frequency is then obtained by substituting Eq. (2.21) into Eq. (2.20). The
frequency expression is given in Eq. (4.1) and (4.2) in chapter 4.
For large angle precession, such first order approximation is not valid and a

numerical simulation is required to depict the precession motion of the magnetization.
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2.3.2 Experimental setup

Figure 2.8 shows a schematic TR-MOKE setup used in this dissertation. A
commercial Ti:sapphire regenerative amplifier system (Spectra-Physics) provides 150-fs
laser pulses with a center wavelength of 800 nm and a repetition rate of | KHz. The laser
beam is split into pump and probe beam by a beam splitter. The pump beam is focused on
the sample at normal incidence. After passing through a delay line, the plane-polarized
probe beam is focused on the same region of the sample at an incident angle of 45°. The
reflected probe beam then passes through an analyzer set at crossed polarization with

respect to the incident plane of polarization.

probe pulse pump pulse detector

e chopper to lock-in

amplifier

polarizer analyzer

external
magnetic field

Fig. 2.8: Sketch of the time-resolved MOKE setup.

The signal detection in the transient MOKE measurement is depicted

schematically in Fig. 2.9: (a) Pump beam is blocked: the probe pulses are detected with a
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photodiode generating current pulses with peak intensity l,, corresponding to the
orientation and modulus of the magnetization at equilibrium. The pulsed photocurrent is
converted to a DC signal (bottom panel) by a gated integrator and boxcar averager, which
eliminates the void signal and noise. (b) The pump beam is unblocked: the pump beam
induces a change of the magnetization, altering the intensity of the time-delayed probe
beam that passes through the analyzer, which is represented by Ix at a time delay At with
respect to the pump beam. (¢) To measure the intensity difference I~ Ia; (typically small)
by the lock-in amplifier, the pump beam is modulated by a chopper to cause the intensity
of the probe beam to alternate at the modulated frequency. A time-resolved MOKE

spectrum is then obtained by sweeping the delay time.

(2) (b) (©

NO Pump Pump @ At Pump modulated

Iac

1 ms

Iy

IAt ' I l ; lO - [At

Fig. 2.9: Schematic diagram of transient MOKE signal detection in TRMOKE
experiments. The top and bottom panels indicate the pulsed photocurrent from the
detector and signal after gated integrator and boxcar averager.
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Similar to the TR-MOKE technique, TR-MSHG exploits an ultrafast pump beam
to trigger the magnetization dynamics of a medium, which is then tracked in the time-
domain by a time-delayed probe beam (Fig. 2.10). However, a special detection system is
required to measure the SHG which is much weaker than the fundamental light reflected

from the sample.

probe pulse pump pulse
delay line

polarizer +— ~ color filter

PMT to lock-in

amplifier

color filter

sample /==
— external
magnetic field

Fig. 2.10: Sketch of time-resolved MSHG setup.

Several features in the TRMSHG setup, shown in Fig. 2.10, need to be
highlighted, which are important to accomplish such measurements. First, a color filter is
put in front of the sample to eliminate the SH light, generated from the laser system and
optics, from the fundamental light of the probe beam. Thus, only a beam with pure
fundamental light is incident on the sample and interacts with it. Second, the reflected

beam from the sample passes through a prism separating the propagation directions of the
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fundamental light and SHG generated from the sample. Third, the fundamental light
needs to be blocked, and the SHG passes through another color filter eliminating the
scattered fundamental light and illuminates on a photomultiplier tube. The current
produced by the PMT is amplified by a low-noise current amplifer (SR250), and then

integrated and fed into the lock-in amplifier.

2.4 Internal Photoemission (IPE)

Internal photoemission (IPE) refers to absorption of photons which results in
electronic transitions from the occupied states of a material (emitter) to the empty states
of another (collector). The most common example is the excitation of electrons near the
Fermi energy of a metal to the (unoccupied) conduction band of an adjacent
semiconductor by absorbing visible or infrared photons to overcome the energy barrier
(Fig. 2.11), producing a steady state photocurrent across the barrier interface. This
process is termed internal photoemission in analogy to standard photoemission where the
transition is between occupied states of a material and the vacuum level. IPE is a
powerful method to measure barrier heights in metal-semiconductor Schottky diodes [44],
complementing the more commonly used currentvoltage (/-}) and capacitance-voltage
(C-V) techniques. In addition to measuring metal-semiconductor barrier heights, IPE has
been used to measure band alignment between semiconductor electrodes and

semiconductor or insulators [45].
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Fig. 2.11: Schematic of internal photoemission from a Fermi surface to a conduction
band of a semiconductor. @ is the energy barrier across the interface.

Internal photoemission is usually described with Fowler theory [46], in which the
internal quantum efficiency Y (quantum efficiency per absorbed photon) is given by

Y=(hv-- D), (2.22)
where @ is the barrier height and Av is the photon energy. The value of r depends on the
transition generating the energetic electron and the scattering process involved [47].

In spite of the neat experimental design, a strong infrared light source is required
to produce a large photocurrent measurable with high signal to noise ratio. Recently, a
Free Electron Laser (FEL) was used to measure the band discontinuity of semiconductor
heterostructures with high accuracy [48,49].

In this dissertation, a table-top experimental setup is developed to perform the IPE
measurements by utilizing an optical parametric amplifier as the bright light source. In
the following the experiment setup and the laser system are described in detail.

IPE Experimental Setup - A schematic diagram of the IPE is shown in Fig. 2.12.

The laser system consists of a Ti:Sapphire regenerative amplifier (Spitfire, Spectra-
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Physics) and an optical parametric amplifier (OPA-800C, Spectra-Physics). The OPA
beam delivers 150 fs pulses with a 1 KHz repetition rate tunable from 10 pm to 600 nm
(see Fig. 2.13). The top layer of sample is connected to a low noise current amplifier and
the substrate is held at ground. The photocurrent is measured continuously as a function
of wavelength, and the signal of the amplified photocurrent pulse is recorded on a digital
oscilloscope triggered by the laser repetition frequency. The photocurrent is estimated

from the time integral of the current pulse utilizing a gated integrator and boxcar averager.

Beam Splitter

Laser
System
] Monochromator
Sample Focusing
1 \—-\
\ Mirror ] Oscilloscope
Translation / Trigger
Stage Detector Signal
R
Boxcar
Current Integrator -
Amplifier >

L

To Computer

Fig 2.12: Experimental setup for band offset measurement of semiconductor
heterostructures.

Laser system - The Ti:Sapphire amplifier generates 150-fs laser pulses with a
center wavelength of 800 nm and a repetition rate of 1 KHz. The OPA system converts

the 800 nm pulses to longer wavelengths through a type-2 OPA process. The system uses
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a BBO crystal as the nonlinear medium. The output pulses are tunable in the range 1140-

1600 nm (signal) and 1600-2650 nm (idler). Furthermore, a special cut BBO crystal and

AgGaS, crystal provide the second-harmonic and different-frequency mixing (DFM) of

the signal and idler beams (600 -1150 nm, 3-10 pm). The OPA tuning curves are shown

in Fig. 2.13.
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Fig 2.13: The OPA wavelengths vs BBO tuning position.
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Chapter 3

Interface magnetization reversal and anisotropy in Fe/AlGaAs

The reversal process of the Fe interface layer magnetization in Fe/AlGaAs
heterostructures is measured directly using magnetization-induced second harmonic
generation, and is compared with the reversal of the bulk magnetization as obtained from
magneto-optic Kerr effect. The switching characteristics are distinctly different in
Fe/AlGaAs (001) — single step switching occurs at the interface layer, while two-jump
switching occurs in the bulk Fe for the magnetic field orientations employed. The
different switching processes lead to a deviation angle of 40-85° between interface and
bulk magnetization at given fields. This behavior may result from reduced exchange
interaction in the direction normal to the interface and different magnetic anisotropies at
the heterojunction. In contrast to Fe/AlGaAs (001), the interface magnetization in
Fe/AlGaAs (110) is rigidly coupled to the bulk Fe. The different behavior reveals large
influence of the interface bonding configuration on the magnetic character despite similar

chemical composition of both interfaces. .

3.1 Introduction

Ferromagnetic metals offer most of the properties required for practical spin

injection contact materials: high Curie temperature, low coercive field, and high spin
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polarization of electrons at the Fermi level. In addition, metallization is a standard
process in any semiconductor device fabrication line, so that the use of a ferromagnetic
metal and semiconductor heterostructure could easily be incorporated into existing

technology processes.

Ga

— [1-10]

Partially Fully
intermixed intermixed

Abrupt

Fig. 3.1: Interface structure for the As-terminated Fe/GaAs (001). [51]

Among the various FM/S spin injection heterostructures, a single-crystal Fe film
on GaAs substrate is particularly promising because of the large injected electron spin-
polarization of 32% demonstrated in a Fe/AlGaAs (001) Schottky contact [50]. Tunneling

electron microscopy reveals a well defined interface due to the small lattice mismatch
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(~1.3%). Several possible interface chemical structures (Fig. 3.1) have been discussed by
Erwin et al. [51] and a partially intermixed interface was recently proposed in the low
temperature annealed sample based on Z-contrast microscopy images. The correlation
between the spin injection efficiency and chemical structure at the heterointerface reveals
that a chemically ordered interface is helpful to reduce the spin scattering of the tunneling
clectrons.

Further improvement of spin injection, however, requires a detailed
understanding of the magnetic properties at the heterointerface, since the spin-polarized
density of states at the interface is of critical importance in spin-dependent tunnel
experiments. In fact, interface driven magnetic interactions often lead to differences in
magnetic characters between interface and bulk layers, manifested as changes in
magnetic anisotropy, magnetic moment, or spin orientation. In ferromagnetic thin films,
such differences are generally small owing to uniform environment and large exchange
coupling along the vertical direction. However, distinct differences in chemical
environment and structure at an interface may cause large changes in magnetic characters,
leading to noncollinearity between the bulk and interface magnetization [52,53]. Since
the discontinuity in chemical environment is typical for all metal-semiconductor
interfaces, it is highly desirable to develop an approach to directly investigate its impact

on the magnetic properties.

3.2 Interface magnetization reversal and magnetic anisotropy in

Fe/AlGaAs (001)
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Very thin Fe (001) films exhibit an unusual in-plane uniaxial component to the
magnetic anisotropy, such that the easy axis is along [110] for films <15 monolayers (~
21 A) thick [54]. This is dramatically different from the cubic magnetic anisotropy of
bulk bce Fe which has <100> easy axes. A detailed study of Fe films grown on well-
characterized GaAs(001) surfaces prepared by molecular beam epitaxy (MBE) attributed
this behavior to an interface contribution derived from the directional character of Fe-As
bonding [54], corroborating the original hypothesis of Krebs et al. [55]. It was argued
that this Fe-As bonding is common to the interface which ultimately forms, regardless of
the initial GaAs(001) surface reconstruction [56]. Further evidence for this picture was
provided by x-ray absorption studies, which showed that Fe 3d charge transfer at the
interface was independent of GaAs substrate preparation and orientation [57].

Such a uniaxial magnetic anisotropy (UMA) component profoundly affects the
magnetization reversal process, leading to “one-jump” or “two-jump” switching
depending on the orientation of the applied field and the hard in-plane axis resulting from
the UMA [36,58-60]. More recent work has shown that the shear strain introduced from
anisotropic relaxation of the Fe lattice for films thicker than 20 A produced a strain
anisotropy which competes with the interface derived contribution, significantly
modifying the overall behavior [61]. Nevertheless, a fundamental understanding of the
evolving magnetic anisotropy remains elusive owing partially to the lack of direct
information of the magnetization reversal process for interface Fe layers in real films.

Here, MSHG is applied to directly study the interface magnetization reversal
process in Fe/AlGaAs (001). Samples were grown by molecular-beam epitaxy (MBE)

using interconnected growth chambers in Dr. Berend Jonker’s group at NRL. The top
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150-A of n-type AlGaAs was highly doped to form narrow Schottky barrier. The 100-A
thick single crystalline Fe films were grown at <15°C to minimize potential intermixing
at the interface [50]. The MSHG measurement is performed in longitudinal geometry
with a nearly ideal s-polarized input light and s-polarized SHG mixed in p-polarized
component at a constant analyzer angle o, = 6°. At this angle M-H loops can be obtained

with very high sensitivity and high signal to noise ratio.
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Fig. 3.2: Longitudinal MSHG, (a) — (d), and MOKE, (e) — (h), M-H loops from 10-nm
Fe (001) film with the field applied along the principal crystallographic axes [110], [1-10],
[010], and [100], respectively. The squares (triangles) indicate increasing (decreasing)
magnetic field. The coercive fields are listed in each panel.

The top panel in Fig. 3.2 shows a set of typical MSHG magnetization curves for
the 10-nm Fe (001) film with the magnetic field applied along the different
crystallographic directions indicated. For comparison, we plot MOKE magnetization
curves in the bottom panel. The most striking difference between MSHG and MOKE M-

H loops is the switching behavior of the magnetization reversal process. In the case of the
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MSHG curves, one-jump switching is observed for all principal crystallographic axes
(Figs. 3.2 (a) — (d)). In contrast, the MOKE M-H loops exhibit distinct plateaus and two
switching fields, revealing a two-jump reversal process (Figs. 3.2 (e¢) — (h)). The
difference in the magnetization reversal process is particularly apparent for the hard axis
[1-10] as shown in Figs. 3.2 (b) and (f). These data reveal that the magnetization of the
interface layer switches in a manner which is distinctly different from that of the bulk,
and 1s not rigidly locked to the bulk by the strong exchange coupling typically associated

with ferromagnetic metals.

(a) (c)

magnetic  pard-hard

[010]

field y | axis [1-10]
One jum By
jump @, P b
. : _~easy axis
F-.. , 7 ro0]
: ! hard-easy
(b) _Qi axis [1101
® !
. : easy axis
Two jump *\
e

Fig. 3.3: (a) M-H loop for one-jump switching; (b) M-H loop for two-jump switching;
and (c) sequence of the two-jump process. The numbers relate the steps in the sequence
to the corresponding feature in the M-H loop.
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The reversal process of the thickness-averaged (macroscopic) magnetization in
the Fe/GaAs (001) system has been studied in detail [58-60], and the mechanisms are
summarized in Figs. 3.3 (a) — (c) using the terminology of ref. [60]. One-jump switching
occurs when M is first pulled over (“jumps”) the hard-hard axis, and thus has sufficient
energy to immediately rotate over the hard-easy axis. This produces the conventional
looking M-H loop of Fig. 3.3 (a). This switching occurs for all crystallographic directions
when the uniaxial anisotropy is stronger than the cubic anisotropy, i.e., [r] =2 1 [59,60].
Hence, our MSHG data show that the anisotropy at the AlGaAs interface is dominated by
the UMA contribution.

Two-jump switching occurs when M is first pulled over the hard-easy axis, but
lacks sufficient energy to cross the hard-hard axis (Fig. 3.3 (c)). As the magnitude of the
reversed applied field increases further, the second jump occurs when M rotates through
this hard-hard axis. These two jumps result in intermediate plateaus or kinks in the M-H
loop and two distinct switching fields (Fig. 3.3 (b)). One important point about this
mechanism is that it requires two distinct hard axes in the plane of the sample. This
condition only arises when the ratio of uniaxial to cubic anisotropy (r = K/K,) 1s less
than unity [59,60].

We determined an anisotropy ratio |r| = 3.5 for the interface magnetization, and |r|
= 04 for the bulk magnetization [ 62 ] from coherent magnetization precession
measurements (discussed in the next chapter), indicating that the switching processes are
in very good agreement with the predictions based on the coherent rotation model [59,60].

A quantitative analysis of the magnetization curves shown in Figs. 3.2 (b) and (f)

reveals that the deviation angle 6 between bulk and interface magnetization is in the
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range 40°-85° between the first and second switching step. This is because the bulk
magnetization switches first to the easy [100] axis, as shown in Fig. 3.3(c), whereas the
interface magnetization switches directly to the easy [010] axis.

In a uniform ferromagnetic thin film, the strong exchange coupling 4 = 107! J/m
tends to maintain the interface spins quasi-parallel to the spins in the bulk of the film.
Thus a magnetization twisted region may exist. The thickness of this twisted spin region
(exchange length /) varies for different materials. For Fe, the large magnetostatic energy
quickly reorients the spins from out-of-plane to in-plane, leading to a transition region on
the order of 3 nm. In contrast, the magnetocrystalline/magnetoelastic anisotropy energy
density K. is much smaller, so the in-plane reorientation requires a much thicker
transition region. The variation of in-plane magnetization orientation with distance from

the interface can be described by [63]:

6(z) = arctan{sinh( ”°l+ Z)} G.1)

where the exchange length /. = (A/K)"?. The parameter ay is given by:

tanh(%e) = YA K (32)
nh(—) =——, ;
! K

where K is the interface anisotropy. The black curve in Fig. 3.4 shows the deviation
angle 6(z) for K = 2.5 erg/cm® and characteristic values of A=1.0x10erg/cm and K. =
4.0x10%erg/cm’ of bulk Fe. In this case, the deviation angle between bulk and interface
spins would be less than 10 degrees for a 10-nm thick Fe film. Such a small
magnetization deviation angle can not explain the present experimental results. The
magnetization reorients in a much thinner layer for reduced exchange coupling strength,

as shown in Fig. 3.4, implying a reduced value of A for the interface layers.
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Fig. 3.4: Variation of in-plane magnetization orientation with distance from the interface
according to Eq. (3.1).

The assumption of a constant interlayer exchange coupling strength might not be
true for layers with different lattice parameters, bonding environment and magnetic
character. A different magnetic interaction at the interface could dramatically reduce the
exchange coupling and cause the abrupt change of switching characteristics. Gordon ez al.
found a body-centered tetragonal distortion in a 9 ML thick Fe film on GaAs (001) [64].
The measured distortion involves an in-plane contraction and an out-of-plane expansion.
This structural anisotropy could dramatically affect the magnetic anisotropy and reduce
the exchange coupling normal to the planes. In addition, small variation of the Fe-As
bonding may also affect the magnetic phase of the Fe interface layer. Fe-As pd
hybridization has been shown to affect (quench) the Fe magnetic moment and the
exchange coupling as illustrated in theoretical calculation [51,65]. Therefore, we propose

that the specific bonding and structure at the Fe/AlGaAs interface may lead to a different
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magnetic interaction and exchange coupling of the Fe interface layer with respect to the

bulk spins.

(b)

H/[110] H/[1-10]

MSHG (a. u.)

H//[110] H//[1-10] |

MOKE (a. u.)

350 0 350 -350 0 350
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Fig. 3.5: Longitudinal MSHG, (a) and (b), and MOKE, (c) and (d), M-H loops from the
50-nm Fe film capped with a 5 nm Cr layer with the field applied along the hard-easy
[110] and hard-hard [1-10] axes, respectively. The squares (triangles) indicate increasing
(decreasing) magnetic field.

For comparison, we utilized the MSHG technique to probe the magnetic
anisotropy of the Fe/Cr interface. A 50-nm thick Fe film grown on AlGaAs and capped
with a 5-nm Cr layer was used for this experiment. The large Fe thickness eliminates the
MSHG signal from the Fe/AlGaAs interface because of the short absorption depth (~20
nm) of the MSHG signal at 400-nm wavelength. The p-input polarization and s-polarized
MSHG signal (Figs. 3.5 (a) and (b)) provides the best signal-to-noise ratio. Figure 3.5

shows a set of typical longitudinal MSHG (top panel) and MOKE (bottom panel)
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magnetization curves with the magnetic field applied along the hard <110>
crystallographic directions. Both the MSHG and MOKE M-H curves clearly show a two-
jump reversal process, in contrast to the switching behavior of the 10-nm Fe film. We
determined an anisotropy ratio |r| < 0.1 from coherent magnetization precession
measurements, indicating a very small UMA contribution at this interface. A two-jump
reversal process for this value of |r| is again in very good agreement with the predictions
of the coherent rotation model [59,60]. These results clearly indicate that the Fe/Cr
interface contributes a negligible UMA component. The MSHG and MOKE M-H loops
of Fig. 3.5 both exhibit an “overshoot.” This effect can be attributed to an optical effect

caused by “mixing in” a small contribution from the transverse magnetization [36].

3.3 Interface magnetization reversal and magnetic anisotropy in

Fe/AlGaAs (110)

The value of spin injection measured in the surface emitting spin-LED represents
a lower bound to the initial injected spin polarization, since the value of spin polarization
measured is limited by the spin lifetime of the carriers. Previous studies have reported
longer spin lifetimes in optically pumped GaAs (110) quantum well structures than for
the (001) orientation and the (110) spin lifetimes increased at higher temperatures [66],
making this orientation attractive for spin-LED.

However, The MBE growth of GaAs (110) is more challenging and less
developed, which may result in lower material quality or a nonoptimized structure. In
contrast to the typical layer-by-layer growth mode on a (001) face, a pronounced three-

dimensional clustering was observed for growth on the (110) face [ 67]. Recent
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experiments, however, report a two dimensional growth, but with a surface roughness of
typically 5 A [68]. Moreover, the free (110) surface is composed of zig-zag ridges of As
and Ga running parallel to [1-10] with voids between the ridges, so that not all Fe atoms
will be equivalently bonded to the surface, regardless of the centering of the Fe atoms
(above the Ga-As bonds; above Ga or As atoms; or in surface depressions). No evidence
of Fe-induced surface reconstruction is found on this surface, which is in contrast to the
(001) surface, where the Fe atoms displace the sub-monolayer of As surface dimers and
the first monolayer of Ga atoms to form a uniform Fe/As interface [54]. Such differences
of electronic structures between the two interfaces may lead to different magnetic
properties of Fe interfacial layers.

In epitaxial Fe (110) films grown on single crystal (110) oriented GaAs substrates,
previous investigations found a reorientation transition of the magnetic easy axis of the
magnetization from the [1-10] to [001] axis with increasing film thickness [69,70]. Such
evolution arises from a combination of uniaxial in-plane magnetic anisotropy and the

cubic anisotropy. The total magnetic anisotropy density can then be written as:
oy 1 ) . .
F9 = Z1<1 (t)(%smz(2(p) +sin® @)+ K (f)sin’ ¢ (3.3)

where t is the thickness of the Fe film. In Fig. 3.6, F''? is plotted qualitatively as
function of the in-plane angle ¢ for different ratio r with K;(t) >0. Up to the critical
anisotropy ratio r. = -0.25 the absolute minimum is at ¢=90°, which means the easiest
axis is along the [1-10] direction. A second local minimum appears at 0° for r>-1 which
makes the [001] direction an intermediate axis. For r>-0.25, the absolute minimum is at
¢=0° which means the easiest axis is along [001] direction as in bulk Fe. The local

minimum now at 90° makes the [1-10] direction an intermediate axis.
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Fig. 3.6: The in-plane anisotropy energy density at zero field according to Eq. (3.3) for Fe
(110) films with different anisotropy ratio =K/K,.

Since the switching behavior is strongly affected by the magnetic anisotropy, it is
critical to directly probe the switching process of the interface Fe layer in a thick Fe film,
where the bulk magnetic anisotropy is dramatically different from that of the film of a
few monolayer. A direct comparison between interface and bulk magnetization switching
along all in-plane crystallographic directions in 10 nm Fe (110) film is given in Fig. 3.7.
We can see a very similar switching process between the two - an easy axis along the [1-
10] direction with the same coercivity and a kink in the magnetization curves along the
[001] direction. Such kink arises from a two-jump process with the first jump of the
magnetization from a local minimum formed along an intermediate axis [001] to a global
minimum appeared close to [1-10] direction, followed by a continuous rotation of the
magnetization before its second jump to the opposite direction. The identical switching

behavior and coercivities indicate a rigid coupling between the bulk and interface
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magnetization in Fe (110) film, in contrast to the decoupling between the two in Fe (001)

film.
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Fig. 3.7: Longitudinal MSHG and MOKE, M-H loops from 10-nm Fe (110) film with the
field applied along the principal crystallographic axes [001], [1-10], [1-11], and [-111],
respectively. The coercive fields are listed in each panel.

Such difference between Fe (001) and Fe (110) films implies that the bonding at
the interface can dramatically change the exchange coupling strength. X-ray absorption
studies of unoccupied 3d states of Fe reveal a large amount of charge transfer into the
GaAs substrate, resulting in a 3d° electron configuration of the Fe overlayer. Calculations
show that 3d° occupancy is near the crossover from ferromagnetic to antiferromagnetic
order. In addition, the Fe lattice constant and structure can also affect the exchange
energy. The differences in electronic structure between Fe/AlGaAs (110) and (001)
caused by the different interfacial lattice positions of Fe atoms and the directionality of

Fe-As bonding may lead to the large change of exchange coupling strength.
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3.4 Interface magnetization reversal in Fe/AlO/AlGaAs (001)

Tailoring the interfacial doping concentration of a semiconductor produces a
narrow depletion layer and forms a triangle shaped tunnel barrier at the Fe/AlGaAs
interface. Inserting a metal oxide 1s an alternative approach of forming a tunneling
barrier to overcome the impedance mismatch between the magnetic metal and the
semiconductor. Here, ALO; tunneling barrier was grown by oxidizing 10-A of
Aluminum deposited on AlGaAs layer in pure O, at RT. The 100-A thick polycrystalline
Fe film was then grown at 10-15 °C[71]. Since the Fe film is in direct contact with the
oxide layer, it is important to study the effect of such barrier layer on the magnetic
interaction of the Fe interface layer.

For this purpose, we have performed MSHG measurements to study the interface
magnetization reversal process and to compare it to the bulk one, as shown in Fig. 3.8.
The MOKE measurements show the presence of a small uniaxial anisotropy, which is
possibly growth induced due to evaporation at a slightly oblique angle. The MSHG
measurements reveal a ferromagnetic order for the interface magnetization, which
exhibits not only a small uniaxial anisotropy, but also a variation of the coercive fields
which may be caused by the texture being more pronounced at the interface since the Fe
film deposited on the amorphous Al,Os is polycrystalline. Such results clearly exclude a
magnetic dead layer at Al,Os interface due to its stable chemical structure. Indeed, a 40%
percent spin polarization is observed in the optical active QW of the spin-LED structure
[71] and only a few percent reduction of magnetic moment is reported for the interfacial
Fe layer [72]. Therefore, such structure may prove to be an ideal system for comparison

with theoretical models for the spin-dependent injection and detection.
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Fig. 3.8: Longitudinal MSHG and MOKE M-H loops in Fe/Al,O3/AlGaAs (001) film
with the field applied along the principal crystallographic axes [110], [1-10], [010], and
[100], respectively. The squares (circles) indicate increasing (decreasing) magnetic field.
The coercive fields are listed in each panel.

Summary

In this chapter, static MSHG is applied to study the interface magnetic interaction,
anisotropy and magnetization reversal process in Fe films grown on AlGaAs substrates.
Strong magnetization-induced effect is observed from the azimuthal dependence of SH
intensity in such heterostructure interfaces, which directly excludes a magnetic dead layer
and confirm the ferromagnetic order for the interface Fe layer. However, we find a
pronounced difference in the reversal process of the bulk and interface magnetization in
Fe/AlGaAs (001) — single step switching occurs at the interface layer, whereas two-jump
switching occurs in the bulk Fe for the magnetic field orientations employed. The angle
between the interface and bulk magnetization can be as large as 40° -85°, which is

attributed to a decoupling of bulk and interface spins. This occurs as a consequence of the
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large difference in the magnetic anisotropy ratios arising from interface-induced
contributions which we attribute to the specific bonding and structure at the Fe/AlGaAs
(001) interface. In contrast, the interface magnetization in the Fe/AlGaAs(110) is rigidly
coupled to the bulk one, indicating a strong exchange interaction of its interface layer
with the bulk Fe. Our results show that MSHG is a powerful technique to probe interface
magnetic properties in non-centrosymmetric hybrid structures as well as in

centrosymmetric systems.
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Chapter 4

Time-resolved studies of spin precession in Fe/AlGaAs (001)

Ultrafast coherent precession of interfacial electron spins is observed in an
Fe/AlGaAs (001) tunneling junction by TRMSHG. The spin precession of the interface
magnetization is decoupled from the bulk Fe film, and exhibits a higher precessional
frequency and opposite phase for a given applied field. This surprising result indicates
that a faster magnetization switching can be achieved in nanostructures where interface
properties dominate, and portends higher speed operation in future magnetic nanoscale
devices.

Furthermore, uniform bulk magnetization precessions are generated by ultrafast
optical excitation along the in-plane easy axis [100], as well as along the hard axis [1-10],
in 10-nm Fe films grown on AlGaAs (001). From the temporal evolution of the coherent
magnetization precession, the magnetic anisotropy constants and damping parameters are
determined which are crucial in designing fast magnetic switching devices and novel
spintronics devices. Low order spin wave modes as well as the uniform mode are
observed in a 50-nm Fe film on AlGaAs (001), allowing an analysis of the exchange

coupling and mode profile.

4.1 Introduction

The demand for ever-increasing speed at which information can be processed
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has triggered an intense search for ways to reduce the time for magnetization reversal to
less than a nanosecond in ferromagnetic films used in magnetic media and devices such
as random access memory. Thus understanding the underlying spin dynamics and
developing new avenues for switching the magnetization are aggressively pursued areas
of research. Recently discovered techniques include precessional magnetization reversal
by ultrashort field pulsing [ 73] and current-induced switching by spin-momentum
transfer [74]. Significant progress has been made in precessional switching, where
timescales of a hundred picoseconds have been accessed. Recent work has shown that
spin momentum transfer can drive magnetic reversal with switching times that are less
than one nanosecond [75].

The large interface-induced magnetic anisotropy and the resulting noncollinearity
between interface and bulk magnetizations [52,76] in Fe/AlGaAs (001) suggest that the
interface magnetization can be manipulated and used rather than the bulk magnetization
as the active layer for information storage/processing, with lower input power required
for switching. The interface magnetization also plays a key role in the functioning of
spintronic devices, which offer advanced performance and entirely new functionality
[1,77,78]. Magnetic metal tunnel junction/s are the basis of state-of-the-art magnetic
random access memory and the read heads found in hard disk drives[79,80]. Thin
ferromagnetic metal films have successfully been used to electrically inject spin-
polarized current into a semiconductor heterostructure using a tunnel barrier approach
[3,19,20,81]. Since the source term in spin tunneling is the spin polarization of the
interface density of states, not the bulk polarization, the performance of these devices is

strongly dependent on the magnetic properties of the heterointerface [28]. Hence,
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interface-selective probing of ultrafast magnetization dynamics is crucial for the design

and realization of spin-electronic junction devices.

4.2 Interface magnetization precession

We trigger the interface magnetization precession utilizing the excitation
mechanism introduced initially for bulk spin precession in a thin ferromagnetic metal
film [82], as follows. A modulated pump beam with 50 pJ pulse energy is focused to a
spot of 1.5 mm in diameter on the sample. In equilibrium, the interface magnetization is
along an effective field Hes. The incident pump pulse instantaneously heats up the film.
The instantaneous lattice expansion changes the anisotropy of the film and induces a
transient field H,. When Hy, has vanished, the vector M is rotated away from its original
equilibrium orientation along Heg. Therefore, it starts to precess around Her A p-
polarized time-delayed probe beam with 20 pJ pulse energy is incident on the sample at
an angle of 45° as illustrated in Fig. 4.1(a). The reflected second-harmonic generation
light passes through a crossed-polarization analyzer. In the longitudinal geometry with
applied field along the in-plane hard axis [1-10], we detect the out-of-plane components
of the precessing magnetization M at the interface.

Figure 4.1(b) shows the time-resolved MSHG signal after the excitation of
Fe/AlGaAs in an applied magnetic field of 560 Oe along the in-plane hard axis [1-10].
The oscillations result from the precessional rotation described above. The Fourier
transformation (see inset) yields a single frequency of v = 5.8 GHz. The precession

frequencies at different magnetic fields are plotted in Fig. 4.1(c) showing a strong field
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dependence, which clearly distinguishes this signal from potential non-magnetic interface

contributions, e.g. phonons.
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Fig. 4.1: (a) Experimental configuration. (b) Time-resolved MSHG signal after excitation
with a magnetic field H=560 Oe applied along [1-10] direction. The inset shows the
Fourier transformation. (c¢) Interface precession frequency at different magnetic fields
along [1-10] direction.
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To fully understand the spin precession dynamics at the interface in Fe/AlGaAs, it
is critical to obtain quantitative information on the magnetic anisotropies. The field
dependence of uniform precession frequencies (Fig. 4.1¢) allows us to determine these
values. From the Landau-Lifshitz-Gilbert equation (2.14), the uniform precession

frequencies can be described by
o= Y(H,cos(6—¢)+ H*)H, cos(5 — )+ HP)'"? 4.1)

where

K K,
H*=H,+H, ——“(sing—cos@)> ——Lsin*(2¢),
 TH, Ms( ¢ ?) M (2¢)

; o 4.2)
H? = Mﬁ cos(4¢) + M” sin(2¢),

£ s

and v = yeg/2 (with y.= 1.76 x 10’ Hz/Oe and g = 2.09) is the gyromagnetic ratio. ¢ and &
are the angles between the in-plane easy axis [100] and the directions of magnetization
and applied magnetic field H,, respectively. K, and K, are the in-plane uniaxial and cubic

anisotropy constants, respectively. Hy and H | are the demagnetization and out-of-plane

anisotropy field, respectively.

Figure 4.2 shows the interface and bulk precession frequencies as a function of
magnetic fields. The red and black solid curves are the best fits for the interface and bulk
precession, respectively, using Eq. (4.1). The fitting parameters are collected in Table 4.1,
where Hg is determined from VSM measurements on the same sample. The results reveal
a distinctly different ratio of in-plane uniaxial to cubic anisotropy r = K,/K,; between
interface and bulk. A ratio of 3.5 is obtained at the interface, while a much smaller value

of 0.4 is determined for the bulk. As a consequence, a two-step switching process in the
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bulk is expected from the coherent rotation model [59, 60], while single step switching

occurs at the interface [76].
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Fig. 4.2: Interface and bulk precession frequency versus applied magnetic field. The solid
lines are the fits by Eq. (4.1).

Table 4.1: Anisotropy field values deduced from fits of Eq. (4.1) to the field dependence
of the precession frequency at the interface and in the bulk.

Ha (KOe) | Hyq+ H, (KOe)| H, (KOe)| Ki/M;(Oe) | Ki/M; (Oe)

Interface 15.7 29 13.3 48 172
Bulk 15.7 18 23 200 70

Furthermore, we find a much larger out-of-plane field H, + H, at the interface

than in the bulk (Tab. 4.1). The demagnetization field is assumed to be the same for the

bulk and the interface, H; = 15.7 KOe, according to the recent report on the bulk-like
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magnetic moment of Fe interface layer on GaAs substrate measured by x-ray magnetic

circular dichroism [83]. Hence H | is much larger at the interface than in the bulk. The
sum of H, and H; will determine the slope of the frequency-field dependence in the

range of high fields. Figure 4.2 shows that after the precession frequency reaches the
minimum it increases much more rapidly at the interface than in the bulk. The higher
precession frequencies at the interface imply a faster switching of the interface
magnetization in this thin film sample, as well as in nanostructures where interface
properties dominate.

Figure 4.3 presents a comparison between interface and bulk spin precession
dynamics at low fields applied along [1-10] direction and the impact of the different
switching processes. The hysteresis loop in Fig. 4.3 (a) measured by static MSHG shows
a single-step magnetization switching at +/- 4 Oe corresponding to a jump over the
uniaxial hard axis. Therefore, the interface magnetization is reversible in the range of
positive field (H > 4 Oe) or negative field (H < -4 Oe), where it stays between the [010]
easy axis and the [1-10] hard axis. The reversal sequence of the magnetization vector is
illustrated in Fig. 3.3. The red curve in Fig. 4.3 (b) represents the interface magnetization
precession dynamics measured at a field of 72 Oe sweeping down from positive high
field, and the black curve is taken at the same field but sweeping up from negative high
fiecld. The two measurements show the same phase and amplitude of the magnetization
precession, indicating the same direction of magnetization at the same magnetic field
regardless of its sweeping direction. This dynamic behavior 1s expected based on the
observed hysteresis loop that shows the same magnetization for increasing and

decreasing field sweeps.
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Fig. 4.3: (a) Interface M-H loop taken by static MSHG measurement. (b) Interface
magnetization precession at H = 72 Oe. Black and red curves are taken with field
sweeping up or down, respectively. Dashed blue curve shows bulk magnetization
precession at 72 Oe with field sweeping up. (c) Bulk M-H loop taken by static MOKE
measurement. (d) Bulk magnetization precessions at fields of 47 Oe, 72 Oe and 188 Oe.
Black and red curves are taken with field sweeping up or down, respectively.
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The dashed blue curve in Fig. 4.3 (b) shows the corresponding precession
dynamics of the bulk obtained with TR-MOKE. A comparison of the solid and dashed
curves reveals that the interface and bulk magnetization precessions are clearly decoupled
and are ~ 180 degrees out of phase. This is attributed to the different switching
characteristics of the bulk and a vanishingly small exchange coupling between the
interface and bulk magnetization, as discussed below.

The hysteresis loop in Fig. 4.3 (¢) recorded by static MOKE shows a distinctly
different reversal behavior in the bulk — a two-step switching process [58-60,76]. The
first step at +/-6 Oe occurs when the magnetization is pulled over the intermediate hard
axis [110]. The reversal sequence of the magnetization vector is illustrated in Fig. 3.3.
As the magnitude of the reversed applied field increases further to about +/-134 Oe, the
second step occurs as M rotates through the hard-hard axis [1-10] [58-60,76].

The effect of the two-step switching on coherent magnetization precession in the
bulk is shown in Fig. 4.3 (d). The red curves are taken at ficlds sweeping down, while the
black curves are taken at fields sweeping up. The two curves measured at 47 Oe exhibit a
phase difference close to 180° indicating a different equilibrium magnetization direction.
From the above switching model, the magnetization stays between the [010] easy axis
and the [1-10] hard axis for the field sweeping down, while it stays between the [100]
easy axis and the [1-10] hard axis for the field sweeping up. In both cases, heating by the
pump pulse instantaneously changes the in-plane anisotropy so that the equilibrium
direction of magnetization becomes closer to the applied field direction, i.e., [1-10] axis.
The change of the equilibrium direction happens too fast for the magnetization to follow,

so it starts precessing about the new equilibrium axis. Since the magnetization stays
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nearly symmetric about the [1-10] direction in the two measurements, the initial angle of
magnetization with the new equilibrium axis has opposite signs in the two cases (Fig. 4.3
c). This is equivalent to a phase difference of 180° because in both cases the

magnetization vector precesses counterclockwise about the equilibrium axis Heg
accordingto M =—-yMxXH .

Similar precession dynamics is observed when the field is tuned to 72 Oe which is
between the first and second switching field (Fig. 4.3 d). However, no phase difference
is observed when the field is increased to 188 Oe which is above the second switching
field. Therefore, we conclude that the two-step switching causes the observed phase shift
in the bulk spin precession.

Since the direction of the interface magnetization and its precession phase do not
depend on the history of the sweeping field (Fig. 4.3 a, b), the interface and bulk spin
precession are decoupled, and exhibit an opposite initial phase between them at applied
fields below the second switching field in the bulk. The nearly 180° phase difference can
be seen from comparison of the interface and bulk precession curves in Fig. 4.3 (b)
measured at the same field of 72 Oe, where the interface and bulk equilibrium
magnetization stay nearly symmetric about the [1-10] axis. Therefore, the noncollinear
spin orientation revealed in static measurements 1s also manifested in the dynamic
process on the picosecond time scale.

Our findings provide new insights into dynamic phenomena occurring at magnetic
interfaces and demonstrate that the interface magnetization may be manipulated
independently and at higher frequencies than that of the bulk film. These results indicate

that faster magnetization switching can be achieved in nanostructures where interface
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properties dominate, and portend higher speed operation in future magnetic nanoscale

devices.

4.3 Bulk magnetization precession

The process of magnetization reversal in thin films is of considerable importance
in magnetic and magneto optical recording, and in the context of magnetoelectronics [84].
These applications require very small ferromagnetic elements with uniaxial anisotropy
for storing binary information in two stable states. Epitaxial growth of a ferromagnetic
metal on a semiconductor provides an approach to realize high-density arrays of magnetic
elements by using intrinsic in-plane uniaxial anisotropy instead of shape anisotropy. A
ferromagnetic Fe film grown epitaxially on a GaAs (001) substrate is a particularly
promising system because of its small lattice mismatch and strong uniaxial magnetic
anisotropy. Since such applications require fast switching of the magnetization, it is
highly desirable to understand the influence of the magnetic character of bulk Fe on
coherent magnetization precession which is a prerequisite to realize fast precessional

switching.

4.3.1 Uniform magnetization precession in 10-nm Fe (001) film

The bulk magnetization precession is triggered by the same mechanism as
interface magnetization precession discussed in the previous section. In the following
studies, a modulated pump beam with 15-pJ pulse energy is focused to a spot of 1-mm in

diameter on the sample as illustrated in Fig. 4.4(a). The effect on the magnetization is
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measured by a much weaker (~1 pJ), time delayed probe beam using the MOKE

technique.
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Fig. 4.4: (a) Experimental configuration with longitudinal geometry, (b) schematic
diagram of the coherent excitation process of uniform magnetization precession, (C)
Transient Kerr signal and (d) Fourier transforms of (c¢) after picosecond excitation of a
10-nm thick epitaxial Fe film with magnetic field H = 560 Oe applied along [110], [100]
and [1-10] directions.

Figure 4.4(c) shows typical results for the magnetization evolution after excitation

of the 10-nm thick Fe film for an applied magnetic field of 560 Oe. The Fourier spectra

of the transient MOKE signals reveal two coherent excitations with distinct frequencies
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(Fig. 4.4(d)). The high-frequency oscillation at 42.5 GHz is independent of the magnetic
field. This mode corresponds to a transverse acoustic (TA) phonon which is generated in
the GaAs substrate by the instant lattice expansion of the Fe film at At = 0 ps. The
coherent TA phonon is coupled to the photon by conserving the momentum through
backward Raman scattering causing oscillation of the reflected probe beam intensity [85].
The second oscillation at lower frequency (5-15 GHz) depends on the magnitude and
orientation of the magnetic field. Figure 4.4(c) shows that the film relaxes back to quasi-
equilibrium after approximately 50 ps, and therefore the measured precession occurs in
the original anisotropy field, thus revealing the equilibrium magnetic properties [82]. As
shown below, the anisotropy and demagnetization field of the coherent magnetization
precession agrees well with the parameters of the uniform FMR mode measured in a 96
A thick Fe film on GaAs (001) [55].

As shown in Figs. 4.4(c) and 4.5(a), large spin waves are generated along the [1-
10] and [100] directions, while only a weak spin wave excitation is observed along the
[110] direction where the magnetization is less canted. For a magnetic field of 560 Oe
applied along the [1-10] or [100] direction, the magnetization is canted away from the
applied field because of the uniaxial character of the magnetic anisotropy of the Fe film.
The cubic magnetocrytalline anisotropy also contributes to the transient anisotropy field,
but this effect is small. This has been verified with a 50-nm thick epitaxial Fe film which
exhibits no uniaxial anisotropy. In this control sample the precession amplitude is 5 times
smaller. Furthermore, the oscillating MOKE signal shows the same phase for opposite
applied magnetic fields. This excludes the existence of an out-of-plane transient magnetic

field. We note the large spin wave amplitude at small magnetic field applied along the in-
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plane hard [1-10] axis. An even larger rotation angle can be achieved at higher excitation
level and larger uniaxial magnetic anisotropy, as for example in thinner Fe films. This
would lead to a large out-of-plane component of magnetization and the resultant
demagnetization field could trigger an out-of-plane precession. This process could then

be utilized for fast magnetization reversal.
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Fig. 4.5: (a) Precession amplitude and (b) frequency as a function of sample orientation at
magnetic field H = 560 Oe. The dashed line is a guide to the eye.

The orientation dependence of the precession frequency clearly reveals uniaxial
and cubic anisotropy as shown in Fig. 4.5(b). We will show in the following that the
magnetic anisotropy constants can be determined from the field dependence and

anisotropy of the precession frequency. Figure 4.6(a) shows the frequency spectra for
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magnetic fields applied along the [100] and [1-10] directions. The latter is the hard axis
for the uniaxial and cubic magnetic anisotropies. For small angle excitations, the
frequency dispersion is well described by the model of the uniform FMR mode [55].
Previous Brillouin scattering [86,87] and FMR studies [55] on thin Fe films suggest that
surface anisotropy and spin pinning is negligible. The field dependence of uniform
precession frequencies, described by Eq. (4.1), allows us to determine these values. Here,
the anisotropy field is given by:

2K

K K
H® =4nM +=—2 _ % (sing —cos¢)® + —=(2 —sin’(29)),
st Ms( ¢ ?) MA-( (2¢))

2K 2K *+3)
Hf = —A/I—]cos(4¢) + M“ sin(2¢),

3 s

Ki, K, and K, are the cubic anisotropy, in-plane uniaxial anisotropy and out-of-plane
anisotropy constants, respectively.

To accurately describe the field dependence of the precession frequency, we need
to know the magnetization angle ¢ which is determined by the subtle balance of external
and internal magnetic field caused by the magnetic anisotropy. The dependence of ¢ on
applied magnetic field is obtained from the hysteresis curves measured by VSM. The
solid lines in Fig. 4.6 (a) are the precession frequencies calculated from Eq. (4.1) and
(4.3). The cubic anisotropy K;/Ms, uniaxial anisotropy K,/M; and out-of-plane saturated
magnetic field 4zM,+2K /M, used in the calculation are 0.21 KOe, 0.09 KOe, and 17.5
KOe, respectively. The angle ¢ calculated from the above anisotropy constants
reproduces the in-plane hysteresis curve, and the out-of-plane saturated field is consistent
with independent MOKE measurements. For the easy [100] axis, the precession

frequency increases monotonically with increasing applied magnetic field. This behavior
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is typical along an easy axis. For the hard [1-10] axis, the frequency initially increases
due to the rotation of the magnetization toward the easy [100] axis, then decreases due to
further rotation towards the hard [1-10] axis, and finally increases as the magnetization

aligns along the applied magnetic field direction.
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Fig. 4.6: (a) Precession frequency versus applied magnetic field along [100] and [1-10]
axes. The solid line is a fit by Eq. (4.1) and (4.3). (b) Gilbert damping parameter o versus
applied magnetic field along [100] and [1-10] directions.

The (Gilbert) damping parameter o is another important factor in fast magnetic
switching. Generally the damping parameter is treated as a constant. However, there is
theoretical and experimental evidence [88,89] that o can vary with the magnetization

angle relative to the field direction and film normal, with the magnitude of the applied

field, and with the precession frequency. By including the damping term in the Landau-
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Lifshitz equation, the uniform magnetization precession can be described by an

oscillating term and an exponential decaying term exp(-I't), where

_ o/(H, cos(5— @)+ H") +(H, cos(6 — ) + H?)Y]

r 2
2(1+ %)

4.4

The expression for I' can be simplified as ' = aw in the case of H* = H? and
small o.. The damping parameter o is calculated from Eq. (4.4) and parameters used in Eq.
(4.1) for the frequency calculation. Figure 4.6(b) shows o as a function of the magnetic
field applied along the [100] and [1-10] directions. The damping parameter varies
strongly with applied field along the hard [1-10] axis whereas o remains nearly constant
along the easy [100] axis. This behavior may be explained by the two-magnon scattering
process where the damping rate depends on the spin wave manifold [88]. For the hard
axis, the magnetization rotates towards the [1-10] direction with increasing applied field.
This will change the density of accepting magnon states and therefore the damping
parameter. In contrast, for the easy [100] axis the magnetization direction will not
significantly rotate with increasing applied field and therefore o remains nearly constant.

Further studies are required to fully elucidate the damping mechanism.

4.3.2 Spin wave excitation in 50-nm Fe (001) film

Figure 4.7(a) shows typical results for the magnetization evolution after excitation of
the 50-nm thick Fe film with the external field applied along the hard axis [110]. The
presented time-domain data clearly show the oscillatory variation of the MOKE signal.
Such oscillations strongly depend on the strength of the applied field, indicating the

coherent excitation of magnetization precession.
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Fig. 4.7: (a) Transient Kerr signal after picosecond excitation of a 50-nm thick epitaxial
Fe film with magnetic field applied along [110], (b) Fourier transforms of (a), and (c)
precession frequency versus magnetic field. The solid lines are fits by Eq. (4.5).

The fact that the oscillations vanish at zero magnetic field and at fields larger than
800 Oe reveals that canting the magnetization is important to excite coherent
magnetization precession. At zero field, the magnetization aligns along the magnetic easy
axis [100] which keeps the easiest direction when the pump beam changes the magnetic

crystalline anisotropy and demagnetizes the medium. Therefore no torque can drive the

magnetization away from this direction, and we only observe an exponential decay of the
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MOKE signal due to the recovery of the magnetization modulus. At magnetic fields
larger than 800 Oe, the magnetization aligns along the direction of the field, which is
strong enough to pin the magnetization when the magneto-crystalline energy is modified
by the pump beam such that the magnetization always stays along the same direction. For
medium strength of applied field, the direction of the effective field can be modified by
the pump beam due to the competition between the anisotropy field and the external field.
Consequently, the magnetization may rotate away from the equilibrium direction and
precess about this direction when the medium returns to equilibrium. The Fourier spectra
of the transient MOKE signals (Fig. 4.7 (b)) reveal three coherent excitations of
magnetization precession. The field dependence of the precession frequencies is shown in
Fig. 4.7 (c). The precession with lowest frequency corresponds to the uniform mode,
which is determined by the sum of anisotropy field H,, demagnetizing field Hg, and
external field He. The cubic anisotropy Ki/M;, and out-of-plane saturated magnetic field
4xM+2K,./M, determined from the best fit of the data (Fig. 4.7) by Eq (4.1) are 0.27
KOe and 17.5 KOe, respectively, and the uniaxial anisotropy K,/M; is negligible. These
magnetic anisotropy constants are very close to that in bulk Fe, which has cubic
magneocrystalline anisotropy of 0.28 KOe. The hysteresis curve calculated from the
above anisotropy constants reproduces the magnetization reversal process measured by
VSM.

The other two precession modes with higher frequencies than the uniform mode
correspond to the first and second order spin wave modes, in which not only anisotropy

field but also the exchange field H, = ;/[—AZ—VZM may affect the speed of spin precession.

R

The exchange field originates from the exchange interaction between electronic spins and
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is proportional to the square of the spin wave vector q. In our experiments, the in-plane
wave vector must be very small, since the diameter of the optical pump and probe beam
is much larger than the wavelength of the spin wave modes (1 mm vs. 20 pm), and hence
the response from the magnetization is averaged within this region. The exchange field
caused by in-plane spin interaction is then much smaller than the anisotropy field and
external field, and it can be neglected. The large spin wave vector along vertical direction,
however, may contribute significantly to the exchange field in thin films.

Considering the electromagnetic and exchange boundary conditions [90] with free
spin at the interfaces, we find that the normal modes are sine- or cosine-type standing
spin waves whose frequencies can be described by:

(—‘5—)2 = (Hcos(d, — )+ H, +;—4q2><H cos(p, @)+ H +f4—4q2) @.5)

K A

where H® and H”are given in Eq. (4.3), and q is the spin wave vector normal to the
) V4 ) .
surface plane given byfl—‘ Here, n denotes the order of the standing spin wave mode and

! is the thickness of the film. We may note from Eq. (4.5) that in a ferromagnetic film the
large exchange stiffness constant may markedly enhance the spin precession frequency.
For high order spin wave modes in which the exchange field dominates, the precession
frequency is simply proportional to A, and it will follow the n’ law which refers to a
quadratic increase of frequency with respect to the spin wave order [91]. However, a
significant deviation from n® law is observed in the low order spin wave modes in
ferromagnetic resonance [91,92]. No quantitative model is available to precisely describe

the low order spin wave modes due to the limited data points in such experiment.
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The field dependence of precession frequency in our pump-probe experiments
provides complementary information in the regime of low-order spin waves in which the
anisotropy field and exchange field are comparable. In Fig. 4.7(c), we note that the
frequency curves of spin wave modes as well as uniform mode exhibit a minimum at the
saturation field of 560 Oe. This is caused by the rotation of the magnetization, which
reduces the anisotropy field with increasing applied field. Therefore, the anisotropy field
affects the frequency of spin waves the same way as it affects the uniform mode.

The separation of frequency between each mode is then caused by the exchange
field which grows as the order of the mode increases. The exchange stiffness constant is
determined to be 0.8x10 erg/cm from the simultaneous fitting of the first and second
order standing spin waves (Fig. 4.7(c)) using Eq. (4.5). The good agreement between the
calculation and experimental data indicates no significant effect of the magnetization
rotation on the mode profile of the standing spin wave.

The above model is also sufficient to describe the azimuthal dependence of spin
wave excitation presented in Fig. 4.8. In such measurement, the amplitude of the field is
fixed at 560 Oe, but the sample is rotated between the hard [110] and the easy [100]
directions. No spin wave is excited along the easy [100] axis, further revealing the
importance of canting magnetization for spin wave excitation. We obtain the same
anisotropy and exchange stiffness constants from the fitting to the azimuthal dependence

of spin wave frequencies (Fig. 4.8(b)).
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Fig. 4.8: (a) Transient Kerr signal after picosecond excitation of a 50-nm thick epitaxial
Fe film with magnetic field of 560 Oe applied along different directions, and (b)
precession frequency versus magnetic field. The solid lines are fit by Eq. (4.5).

However, the measured exchange stiffness constant is only about half of that
determined from the high order spin wave modes in FMR [91]. This difference was
thought to be caused by the pinning effect at interfaces due to its large surface anisotropy
[92,93]. Pinning modifies the location of the surface antinodes of the standing spin waves
thereby changing their effective wavelength. The other factors including the gradients of
the internal field and magnetic moment may also affect the variation of magnetization
close to the interfaces [94]. Although our results demonstrate that single effective
exchange stiffness constant can indeed account for these factors, future theoretical work

is needed to clarify the intrinsic physical nature.
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Summary

The dynamic response of the Fe/AlGaAs (001) magnetization to an optical
excitation is studied by TR-MSHG and TR-MOKE spectroscopy. The coherent
precession of the interface magnetization is decoupled from the bulk magnetization
precession, and exhibits a higher frequency and opposite phase for a given applied field.
A striking difference between interface and bulk magnetic anisotropy is revealed from the
calculation of precessional frequency by LLG equation.

Uniform precessions are generated by ultrafast optical excitation along all
directions of 10-nm Fe film. The anisotropy of the damping parameters is determined
from the decay of the FMR mode, which are crucial in designing fast magnetic switching
devices and novel spintronics devices. Low order standing spin wave modes as well as
uniform precession are observed in the 50-nm Fe film, allowing the analysis of exchange

stiffness constant in the bulk film.
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Chapter S

Time-resolved spin precession in manganite films

Optically excited uniform magnetization precession in the ferromagnetic state of
Lag¢7Cap33Mn0O; (LCMO) and Lag67Sr933:MnO; (LSMO) films grown on different
substrates are investigated by time-resolved magneto-optic Kerr effect. The parameters of
magnetic anisotropy are determined from the measured field dependence of the
precession frequency.

For LCMO film, the dominant anisotropy contribution in the film grown on
SrTiO; (001) is the strain-induced easy-plane anisotropy. The strain-free films on
NdGaOs (110) exhibit a uniaxial in-plane anisotropy that results from the interface due to
the tilting of the oxygen octahedra in NdGaOs.

For LSMO film, the easy-plane anisotropy is found in the tensile-strained film
grown on SrTiO; (001) substrate, whereas the compressive-strained film grown on

LaAlO; (100) substrate exhibits an easy normal-to-plane axis.

5.1 Introduction
Half-metallic nature [95] of manganites makes them technologically important
materials for magnetic tunnel junctions [96-98] and spin injection structures [99,100].

Manganites share the same crystal structure as the mineral perovskite shown in Fig. 5.1.
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The ferromagnetic coupling between nearest neighbor Mn ions results from a double
exchange mechanism {101]. Understanding of the magnetization dynamics in manganite
thin films is important for the fastest switching operation of the spin-based devices.
Several factors, such as the possible normal modes and the damping of the coherent

magnetization precession, play a crucial role in achieving reliable switching behavior.

Fig. 5.1: Crystal structure of doped manganites :LA; \REMnO;. Each manganese atom is
surrounded by six oxygen atoms to form a regular MnOg octahedron. The six oxygen
atoms occupy the faces of a cube. Between the octahedral, at the corner of the cubes, lies
a mixture of trivalent rare earth (LA) and divalent alkaline earth (RE) cations.

In this chapter, the dynamical magnetization response to an ultrashort laser pulse

1s investigated in Lag ¢7Cagp33MnO; and Lag ¢7S19.33MnO;3 thin films. LCMO (7. ~ 250 K)
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and LSMO (7, ~380 K) belong to a family of colossal magnetoresistance manganites.
Earlier investigations of magnetization dynamics in manganite thin films have been
performed by ferromagnetic resonance (FMR) measurements, where the absorption of an
alternating microwave field is measured as a function of a static magnetic field [102-107].
However, only sub-nanosecond or 100-picosecond dynamics with a fixed magnitude of
the magnetization vector can be explored because of the low frequency (10 GHz) used in
FMR and the direct coupling of the microwave field to the magnetization. On the long
timescale accessible to FMR, the dynamics is governed entirely by the magnetic
anisotropy of the film. The angular dependence of the resonance field in the FMR
experiment provides information on the anisotropy constants - parameters that are crucial
for the design of thin-film devices. Most of the FMR studies, however, did not explore
the magnetic anisotropy in detail, but focused on the magnetic homogeneity of the
manganite films, which was evaluated from the FMR linewidth.

In ultrafast optical studies, the sub-picosecond time resolution allows to study the
magnetic response that is much faster than the coherent precession of magnetization. A
strong laser pulse first excites electrons in the sample. The sample's magnetic response is
then monitored as a function of the time delay between the pump and probe pulses. The
coupling of the laser-pulse excitation to the magnetization of the sample is not always
readily understood, which underscores the importance of magneto-optic measurements.
The high spatial resolution of the optical approach, compared to FMR, will prove useful
in the study of microscopic magnetic elements.

The first study of the picosecond magnetization dynamics of manganites was

reported by Zhao et al [108], who monitored the optically induced conductance changes
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in LCMO films with 20-ps time resolution. Long-lived spin excitations were found
responsible for a resistivity increase in the ferromagnetic phase. Several groups used
time-resolved absorption measurements to study the photoinduced response of
manganites. Matsuda et al [109] reported that the gradual change (200 ps) in the
photoinduced absorption reflects the photoinduced demagnetization (PID) in
(Ndg5Smyg 5)Sro4MnQOs. More detailed studies by Lobad er a/ [110,111] and Averitt et al
[112] of LCMO attributed the ultrafast component (100 fs) of the photoinduced
absorption to electron-lattice thermalization. The slower change in absorption (20-200 ps)
was ascribed to the PID driven by the spin-lattice thermalization. A long-lived spin
relaxation component was found in Ndye;Srp33MnO; in  transient reflectivity
measurements by Ren ef al [113]. The relaxation was shown to be magnetic in origin and
dependent on the strain induced by different substrates. In these studies, slow changes in
the optical absorption were interpreted as the magnetization response. Subsequent studies
by Ogasawara et al [114] and McGill et a/ [115,116] employed the time-resolved
magneto-optic Kerr effect (TR-MOKE) to study the magnetization dynamics. Ogasawara
et al found that after photoexcitation, the magnetization in Lag¢Sro4MnOs (LSMO)
decreases with a considerably longer time constant (1 ns) than the one measured by the
transient absorption measurements [109-112]. McGill et al [116] studied the magneto-
optic response of LCMO near 7. and observed the PID together with an even slower Kerr
transient which they attributed to photoinduced spin ordering.

Photoinduced demagnetization is not the only effect created by a laser pulse
impinging on a ferromagnetic sample. Ogasawara et al [114] pointed out the presence of

an oscillatory component in their TR-MOKE measurements, which they interpreted as a
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coherent precession of magnetization in LSMO, but did not study this phenomenon in
more detail. Photoinduced spin precession was first reported by Ju ef a/ [117] in the study
of optically excited exchange-biased NiFe/NiO bilayers. The precession of the NiFe
magnetization was launched by the pump pulse via the "unpinning” of the exchange bias
and detected by TR-MOKE. Optically induced magnetization precession was discovered
in thin Ni films by Koopmans et a/ [118], who later confirmed [82] that the optically
induced coherent precession and FMR are manifestations of the same phenomenon. They
pointed out that the precession can be used as the "all-optical real-time ferromagnetic
resonance" to study the properties of microscopic magnetic elements. Koopmans et al
argued that the coherent precession in their measurements was induced by the thermal
modification of the anisotropy in the Ni film. Zhang et al/ [119] induced the coherent
magnetization precession in CrO; thin films by optically modulating the magnetic
anisotropy of the films by nonthermal hot-electron spins. The work of Koopmans ef al
and Zhang et al demonstrated that the coherent precession in optical measurements is
governed by the magnetic properties of the sample.

Here, photoinduced magnetization dynamics in LCMO and LSMO thin films are
investigated by TR-MOKE. The goal is to determine the anisotropy of LCMO and LSMO
films grown on different substrates from the field dependence of the precession frequency.

Substrate-induced magnetic anisotropy has been attributed to magnetoelastic
interaction [120-124]. Static magnetization and FMR measurements on LSMO films by
Kwon et al [125] revealed a magnetic anisotropy that depends on the strain state of the
film. Easy plane anisotropy was found in tensile-strained LSMO/STO films, and easy

normal-to-plane axis was discovered in compressively strained LSMO films grown on
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LaAlO; (001) (LAO). No in-plane anisotropy was detected by FMR. Similar magnetic
anisotropy behavior was found in Prg ¢St 33MnOs; (PSMO) films by Wang er al [126].
PSMO films grown on STO and LAO displayed easy-plane and normal-to-plane easy-
axis anisotropy, respectively. The anisotropy of the PSMO/NGO film could not be
determined from magnetization measurements due to the large paramagnetic contribution
of NGO. Suzuki et al [120] and Steenbeck and Hiergeist [121] studied the anisotropy of
strained LSMO films and reported an in-plane biaxial anisotropy. The two studies
disagreed whether the [100] (Mn-O bond direction) or the [110] axes are the easy axes in
the tensile strained LSMO/STO films. O'Donnel et a/ [122] found an easy plane and a
biaxial in-plane anisotropy with [100] easy axes in LCMO/STO. Recent measurements
by Xiong et al [124] of magnetic anisotropy in LCMO films confirmed the dependence of
the out-of-plane anisotropy constant on the amount of strain in the film, but revealed no

in-plane anisotropy.

5.2 Magnetization precession and magnetic anisotropy in LCMO films

The LCMO films were epitaxially grown by pulsed-laser deposition on two
substrates - SrTi03 (100) and NdGaO3 (110) [127,128]. The film thicknesses are 60 nm,
100 nm, and 150 nm. The STO substrate induces biaxial tensile strain in LCMO films,
while the NGO substrate induces very little strain. The samples are provided by Dr. Qi
Li’s group in Pennsylvania State University.

Most TR-MOKE measurements are performed with an applied pump fluence of 5
mJ/ecm®. Fluences as low as 1 mJ/cm? and as high as 10 mJ/cm’ do not change the overall

appearance of the TR-MOKE spectra. The extracted precession frequency shows no
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dependence on the excitation power. To study the field dependence of the precession
frequency, we mount the samples in the center of a split-coil superconducting magnet (0-
9 T) that allows optical access to the sample with the magnetic field being either in the
film plane or almost normal to it. The variable-temperature inset of the magnet is used to
control the sample temperature in the 10-300 K range.

The time-evolution of the precession is recorded by a delayed s-polarized probe
pulse (400 nm) whose angle of incidence is close to zero (almost normal incidence, Fig.
5.2(a)). In this polar geometry, the polarization rotation of the reflected probe pulse is
proportional to the normal component of magnetization M,. Ogasawara et al/ [114] have
found that the Kerr rotation in LSMO is largest when the probe energy is about 3.1 eV,
twice the energy of the pump. Therefore, we use a frequency-doubling crystal and 400-

nm probe pulses to increase the sensitivity of our setup.
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Fig. 5.2: (a) Geometry of the pump-probe measurement with applied magnetic field. (b)
Magnetization precession as measured by TR-MOKE in the 60-nm LCMO/NGO film at
T=20Kand 8 = 45°.
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Figure 5.2(b) shows the precession of magnetization as recorded by TR-MOKE.
The presented time-domain spectra clearly display the oscillatory variation of the light
intensity that passes through the analyzer. Since the polarization rotation is proportional
to the normal component of M, the frequency of the oscillation corresponds to the
frequency of the magnetization precession. By performing a Fourier analysis of the time-
domain spectra, we extract the field-dependent precession frequency. In the following
section we present the measured frequency-field dependence and compare it with the

established theory.

5.2.1 LCMO/STO film

The field dependence of the precession frequency in the 100-nm thick
LCMO/STO film is shown in Fig. 5.3. Panel (a) displays the frequencies measured with
the in-plane field applied along two directions with an angle of 45° between them. The 0°
measurement corresponds to the field applied along the [100] (Mn-O bond) direction.
The different frequencies along the two field directions indicate that an in-plane magnetic
anisotropy is present in the film.

The observed magnetization precession is described by the Landau-Lifshitz-
. . dMm - . dM .
Gilbert equation: —dt—:—}d\/! XHL,j]‘+%M ><—d—. To explain the frequency-field
t

dependence presented in Fig. 5.3, we need to introduce a uniaxial easy-plane anisotropy
K,M?/M? ( K,>0 ) and a fourth-order tetragonal-symmetry anisotropy
—K,(M{+M})/2M} —K M]/2M] with in-plane easy axes X and ¥ (K, >0) along
the film's [100] and [010] directions. The magnetic free energy can be written as

E=—H, M+2zM? +K M}/ M} —K, (M +M})/2M} -K M} /2M, (5.1)
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where the first term represents the Zeeman energy and the second denotes the shape
anisotropy energy due to demagnetization. The corresponding phenomenological fields

are the demagnetizing field H, =42M_  and the anisotropy fields H, 6 =2K /M _,

H, =2K, /M, and H, =2K,/M,.
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Fig. 5.3: Field dependence of precession frequency in LCMO/STO. Solid lines are
calculated using the expressions given by Eq. (5.2), (5.3) and (5.4) with effective fields
given in Table 5.1 and g-factor of 1.98. (a) Applied magnetic field is in plane. § = 0° and
& = 45° orientations correspond to the field along the in-plane tetragonal easy-axis and
along the in-plane tetragonal hard axis, respectively. d is defined in Fig. 5.2. (b) Applied
magnetic field is almost normal to the film and lies in the Y-Z plane, with Y being the
tetragonal easy axis.

When the applied field is in the film plane (Fig. 5.2(a) and Fig 5.3 (a)), the
precession frequencies can be calculated to be:
w=yab, (5.2)
where a and b are given by

a=H,cos(§—@)+H,+H, +H, (sin* ¢+cos’ ¢)

(5-3)
b=H,cos(d— @)+ H, cos(4¢)
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When the applied field is in the Y-Z plane (Fig. 5.3(b)), the precession frequencies is

calculated using Eq. (5.2) with a and b given by

a=H,cos(6—6)—(H,+H ,)cos20—H ,sin”> @cos20+ H | cos’ @cos20
b=H,cos(6—8)—(H,+H,)cos’8+H, sin*9+H, cos* 8

, (54)
where 0 is the equilibrium angle between Z and the film’s magnetization. The g-factor
value of 1.98 is used in the following analysis. Solid lines in Fig. 5.3 show the calculated
frequencies. In Fig 5.3(a), the applied field is in the film plane and along the Y axis (or,
equivalently, along the X axis) in the 0° measurement and at 45° to both X and Y axes in
the 45° measurement. In Fig 5.3(b), the applied field is in the Y-Z plane making a 4° angle
with the sample normal. Each solid line represents a result of the least-square fitting
procedure carried out separately for each set of data. Only two free parameters are used to
fit the in-plane measurements in Fig. 5.3(a) - Ha and H);. The bulk magnetization value is

used to calculate the demagnetization field Hqy = 0.72 T. To fit the out-of-plane

measurement in Fig. 5.3(b), H,, H,, and H | are used as fitting parameters. After fitting

each measurement separately, the average values of the anisotropy fields are collected in

Table 5.1.

TABLE 5.1: Anisotropy field values deduced from fits to the field dependence of the
precession frequency in the LCMO/STO film.

sample Hq (Te) H, (T) H, (T) Hy (T)

LCMO/STO| 0.72 0.57+/-0.24 -0.30 0.031+/-0.054

The observed anisotropy constants are in good agreement with static

magnetization studies of the effects of strain on the anisotropy in manganite films

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



92
[120,122-124]. The dominant contribution is the uniaxial easy-plane anisotropy with K, =
1.6 x 10° J/m®, which is the same as measured by Ranno et a/ [123] and O'Donnel et al
[122], who found an easy-plane strain-induced anisotropy in tensile-strained LCMO/STO
and LSMO/STO films. This uniaxial anisotropy constant K, is larger than the one
measured in the study of photoinduced precession in LSMO/STO (see section 5.3). The
difference may result from the LCMO film being thinner than the LSMO film used in Ref.
[114] and from LCMO being a lower-bandwidth manganite, thus, being more susceptible
to epitaxial strain. The perpendicular component of the tetragonal anisotropy K = -0.86
x 10° J/m’ agrees well with O'Donnel's 4th order uniaxial easy-plane anisotropy constant.

Our measurements also indicate the presence of an in-plane biaxial anisotropy (K, = 0.1

x 10° J/m®) with its easy axes along the in-plane [100] and [010] directions, which
corresponds to the directions of Mn-O bonds. Similar behavior was observed by
ODonnel er a/ who measured a higher biaxial anisotropy constant due to their LCMO
film being thinner than the critical thickness of 60 nm [123]. No in-plane anisotropy was

found by Xiong er al [124] in LCMO/STO films in 10-400 nm thickness range.

5.2.2 LCMO/NGO film

Figure 5.4 shows the field dependence of the precession frequency in a 100-nm
thick LCMO/NGO film with the applied field both in the plane of the sample and almost
normal to it. The main difference from the frequencies measured in LCMO/STO is a
finite frequency at fields as low as 0.01 T, which can be extrapolated to a finite
precession frequency at zero field, although measurements at zero field are not always

successful. The finite zero-field frequency in the out-of-plane measurement (Fig. 5.4(b))
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Fig. 5.4: Field dependence of precession frequency in LCMO/NGO, in the 100 nm*
sample in Table 5.2. Solid lines are calculated using the expressions given by Eq. (5.2),
(5.6) and (5.7) with the effective fields given in Table 5.2 and g-factor of 1.98. (a)
Applied magnetic field is in plane. The & = 45° & = 90°, and & = 135° orientations
correspond to the field along the in-plane uniaxial easy-axis, at 45° to the easy axis, and
along the in-plane uniaxial hard axis, respectively. o is defined in Fig. 5.2. (b) Applied
magnetic field is almost normal to the film and lies in the Y- Z plane, with Y being the
uniaxial easy axis.

can be explained by a large positive in-plane tetragonal anisotropy constant K in Eq.
(5.1). The introduction of such a term leads to a pronounced four-fold symmetry in the
in-plane magnetic properties. To verify that prediction, we study the frequency-field
dependence as a function of the in-plane direction of the applied field (angle & in Fig.
5.2(a)) and reveal a two-fold in-plane symmetry (Fig 5.4(a)). The field-dependent
frequencies reach a maximum when we apply the magnetic field along a certain direction
and a minimum upon rotation of the sample by 90°. The maximum-frequency direction
corresponds to the 45° field angle and the minimum-frequency direction to the 135° field

angle in Fig 5.4(a), representing the [110] and [1-10] crystallographic directions,
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respectively. The observed two-fold symmetry requires the introduction of two-fold
symmetry terms in the magnetic free energy given by Eq. (5.1). The lowest-order

anisotropy with required symmetry is an easy in-plane axis and has the form

—Kqu,/ M?, where M is the component of the magnetization along the easy

direction y’. We achieve the best agreement between the calculated frequencies and the
measured ones when the direction of y’ is chosen to be along the maximum-frequency
direction of Fig. 5.4(a) ([110] direction) and introduce a small biaxial anisotropy with
easy axes along the [100] and [010] directions. According to Eq. (5.1), the X and Y
directions in Fig. 5.2 are biaxial easy axes when K}, > 0. Then the direction of y " is at 45°
to both X and Y. The uniaxial in-plane anisotropy energy acquires the form
—K,[M,M, +1/2(M} +M})]/ M, and the total free energy reads
E=—H, - M+27M? +K M}/ M} —K (M} +M})/2M} K M} /2M}
—K,[M M, +1/2(M;+ M)/ M; (5.5)
We introduce the in-plane uniaxial anisotropy field as H, = 2K, /M.
The precession frequency corresponding to the free energy given by Eq. (5.5) is

described by Eq. (5.2) with a and b given by:

a=H,cos(6—@)+H, +H, + ];“ (1+sin2¢) + H ,(sin* ¢+ cos” ¢) (5.6)
b=H,cos(6—¢)+H, sin2¢+ H, cos(4¢) ’

when the applied field is in the film plane (Fig. 5.4 (a)); and
a=H,cos(6—6)—(H,+H,+H,)cos20+H  cos’ Ocos20 5.7)

b=H,cos(6—8)—(H,+H, )cos’@+H, sin*@+H cos* 6’

when the applied field is in the Y-Z plane (Fig. 5.4 (b)).
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TABLE 5.2: Anisotropy field values deduced from* fits to the field dependence of the
precession frequency in LCMO/NGO films. 100 nm sample - measurements in Fig. 5.4.
60 nm, 100 nm, and 150 nm samples - measurements in Fig. 5.5.

sample Hq (T) H, (T) H, (T) H; (T) H, (T)
100 nm” 0.72 -0.37+/-0.15 -0.08 0.003+/-0.006 = 0.31+/-0.01
60 nm 0.72 -0.17+/-0.25 0.014/-0.06 | 0.20+/-0.10
100 nm 0.72 -0.25+/-0.21 -0.034/-0.05 = 0.19+/-0.02
150 nm 0.72 -0.26+/-0.25 -0.034/-0.04 | 0.09+/-0.07

Frequencies calculated using the described model are shown by solid lines in Fig.
5.4, and the parameters derived from least-square fits are given in Table 5.2. These
parameters are average values obtained from fitting the measurements with different
orientations of the applied field for a single sample. The largest anisotropy terms in the
100-nm film are the easy normal-to-plane axis with K, = -1.1 x 10”> J/m*® and the easy in-
plane axis at 45° to Mn-O bonds with K, = 0.9 x 10’ J/m’. The perpendicular easy axis
anisotropy has been observed in the study of magnetization dynamics in LSMO/NGO
(section 5.3), where it has been attributed to the uncertainty in the saturation
magnetization that affects Hy and/or to the interface anisotropy. The perpendicular easy
axis is not in contradiction with the symmetry of the film and the underlying substrate.
The (110) plane of the orthorhombic NGO crystal corresponds to the (001) plane of the
pseudo-cubic unit cell, and the LCMO film on (110) NGO grows in the (001) orientation

due to the good match of the lattice parameters [129].
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The pseudocubic symmetry of LCMO and NGO and the lattice mismatch of only
0.1% between them suggest that the stress and the stress anisotropy are negligible.
Therefore, the observed in-plane uniaxial anisotropy must be magnetocrystalline. To
clarify the origin of the uniaxial anisotropy, we perform the TR-MOKE measurements on
LCMO/NGO films of different thicknesses with magnetic field applied in the plane of the
film. The recorded field dependence of the precession frequency for the films of 60 nm,
100 nm, and 150 nm thickness is shown in Fig. 5.5. The solid lines in the Figure show the
calculated frequencies and Table 5.2 displays the deduced fitting parameters. The values
in the Table are averages over the measurements with different orientations of the applied
field performed on the same sample. The two-fold in-plane symmetry is clearly present in
these samples, as evidenced by the different behavior of the precession frequency when
the applied field is in the 45° orientation (along the easy axis) and in the 135° orientation
(along the hard axis). The magnitude of the anisotropy field is almost the same in the 60-
nm and 100-nm films and is diminished significantly in the 150-nm film. Despite the
observed variation of the anisotropy field in the films of the same thickness (100 nm), the
trend of the decreasing anisotropy field with increasing film thickness is well established.
A lower magnetic anisotropy in thicker films is well explained when the anisotropy is
strain-induced. In our LCMO/NGO films the amount of strain is negligible. Therefore,
the lower anisotropy in the 150-nm film may result from the interfacial origin of the
anisotropy. If the surface energy density of the interface uniaxial anistropy is K, then the
anisotropy enters the expression for the volume energy density as a term proportional to

K, = Ky/d, where d is the film thickness [130]. Thus, K, is reduced in thicker films.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



97

100 T T - T 80 T T
L0 60 nm L0 100 nm

sof ® 45 . 5

< v o Of v o

I

o el * 135° .

> 40+

2

3 “r

3

S » 20

2 )
0 0 . g L

00 05 1.0 15 20 25 00 05 1.0 15 20 0.0 05 1.0 15 20

Megnetic field (T) Megnetic field (T) Magnetic field (T)

Fig. 5.5: Field dependence of precession frequency in LCMO/NGO, in the 60 nm, 100
nm, and 150 nm samples in Table 5.2. Solid lines are calculated using the expressions
given in the Eq. (5.2) and (5.6) with effective fields given in Table 5.2 and g-factor of
1.98. Applied magnetic field is in plane. In each panel 8 = 45°, & = 90°, and & = 135°
orientations correspond to the field along the in-plane uniaxial easy-axis, at 45° to the
easy axis, and along the in-plane uniaxial hard axis, respectively. o is defined in Fig. 5.2.

The in-plane uniaxial anisotropy in LCMO/NGO films was observed by Mathur
et al [131] in static magnetization measurements. Mathur ef a/ measured the anisotropy
constant of 0.36 x 10° J/m’ with the easy direction at 45° to Mn-O bonds, which coincides
with the easy axis in our measurements. Mathur and collaborators argue that the
anisotropy is substrate-induced and magnetocrystalline, although no specific anisotropy
mechanism is described in their report. We believe that our and Mathur's observations
document the same phenomenon. The crystallographic structure of NGO [132,133] 1s
orthorhombic with a GdFeOs-type rotation of oxygen octahedra about the pseudocubic
[111] direction. The rotation results in the modification of the pseudocubic (001) face of
the substrate, causing the pseudocubic [110] diagonal to be different from the [1-10]
diagonal. This could result in the described interface uniaxial anisotropy because oxygen

environment of the Mn ions at the interface is different from that in the bulk. A similar
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magnetic anisotropy could be anticipated in LSMO/NGO films. The study of
magnetization precession in LSMO [section 5.3] does not give any evidence of a uniaxial
in-plane anisotropy, although its presence cannot be ruled out because the precession
with in-plane magnetic field has not been studied and the thickness of the studied films

(160 nm) is higher than the thickness of the LCMO/NGO films.

5.3 Magnetization precession and magnetic anisotropy in LSMO films
The LSMO films are 160 nm thick and grown by pulsed laser deposition on three
different substrates: NdGaO3 (110), SrTiO3 (100), and LaAlO3 (100). Resistivity of the

films as a function of temperature (T< 300 K) was measured and the metallic behavior of

the films confirmed.

LSMO/NGO |
it

H,;

Intensity

0 500 1000
Time (ps)

Fig. 5.6: (a) Geometry of the pump-probe measurement in the applied magnetic field. (b)
Magnetization precession as seen by TR-MOKE in LSMO/NGO at T =170 K and B =
05T.
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Magnetization precession is measured in the geometry of perpendicular resonance
(Fig. 5.6 (a)) [134]. A typical time evolution of precession dynamics is shown in Fig. 5.6
(b). The solid line indicates a fit that yields the precession frequency o and the damping
rate ' defined by M, ~ exp(iot - I't). The field dependence of the frequency in
LSMO/NGO is shown in Fig. 5.7, which includes a comparison with FMR data of Lyfar
et al [135] and shows that the precession frequency deduced from TR-MOKE coincides
with frequencies observed in FMR. FMR, however, does not allow studying the field
dependence of the resonance frequency because those measurements are performed at

one or few fixed driving frequencies.
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Fig. 5.7: Field dependence of precession frequency in LSMO/NGO for different
temperatures.

The magnetic free energy in LSMO film can be described by

E=—-H,M_ cos(8—0)+2aM?cos’ §+ K, sin’ 8 (5.8)
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The first term in the energy E is the Zeeman energy and the second term is the anisotropy

energy consisting of the shape anisotropy 27M’cos® @ and the uniaxial anisotropy

K, sin’ 8. The corresponding phenomenological fields are H;= 4nM, and H, = 2K /M.

Easy-plane anisotropy corresponds to H, < 0, while H, > 0 for easy normal-to-plane axis.

Looking for a solution of the LLG equation in the form M, ~ exp(iwt — I't), we find that

PR I A R (5.9)
1+ (/M ,)”

where a = Hy cos(0-8)-(Hs-H,) c0s20, b = Hy cos(0-¢)-( Hy-H,) cos’® , and assuming
a/yM, << 1. The precession relaxation rate I' is field-dependent and proportional to the
Gilbert damping parameter: o

_ a(a+b) _ a(a+b)
COM (14 (a/ M) 2M,

(5.10)

The relaxation rates I' determined from fits to the precessing magnetization (Fig. 5.6(b))
are in the 1 - 10 x 10%s™ range for all substrates at different temperatures and fields.
Elucidation of the field and temperature dependence of o and of its microscopic origin
requires further measurements.

Figure 5.8 shows the ficld dependence at T=50 K of the quantity o*+I"* for films
grown on different substrates. The solid lines represent a fit using Eq. (5.9) and assuming
a demagnetization field of H; = 0.72 T [136]. The field H, is the only parameter of the
calculation and is different for each substrate, indicating a dependence on the strain
induced in the film. STO substrate induces tensile strain, LAO - compressive strain, and
NGO - almost no strain. The values of H, deduced from the fits are presented in Table
5.3. The anisotropy has opposite sign for films grown on STO and LAO (H, < 0 and H,

> (), respectively), in agreement with the opposite sign of the induced strain. Qualitatively,
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the observed anisotropy is in agreement with previous studies of the role of strain in the
anisotropy of manganite films [120,122,123]. O'Donnel et al. [122] and Ranno ef al. [123]
found an easy-plane strain-induced anisotropy in tensile-strained Lag ¢7Cag33:MnO3/STO
and LSMO/STO films. The constant K, measured by Ranno et al. is about 2 x10° J/m’
for films thinner than 100 nm. Using H; = 0.72 T based on the bulk magnetization data,
we calculate K, = 0.6 x10° J/m’, which is within an order-of-magnitude agreement with
the value of Ranno ef al. The discrepancy results from the uncertainty of H,; and from our
film being thicker than the critical thickness [123] of 100 nm, above which the strain in
the film begins to relax. Although the NGO substrate does not strain the LSMO film, we
find a finite field H, = 0.16 T. This non-zero value of H, may result from a different
saturation magnetization in a thin film compared to bulk samples and/or from the surface

anisotropy.

T T a M T v v v T T
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I H=072T,H=02T

¢ LSMO/LAO
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&)}

00 05 10
Magnetic field (T)

Fig. 5.8: Field dependence of precession frequency in LSMO films on different
substrates:NGO (squares), STO (triangles), and LAO (diamonds). Solid lines are the fits
to the corresponding data points.
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TABLE 5.3: Anisotropy field values deduced from fits to the field dependence of the
precession frequency in LSMO films.

substrate strain Amson’ﬂi’y field
NGO no strain 016T
STO tensile 02T
LAO compressive 03T

The sign of H, with respect to strain is determined by the anisotropy energy of the
occupied e, orbital, since the local easy direction on each Mn™" site is along that orbital.
When the lattice is compressed, the in-plane distance between the Mn* and O% ions gets
reduced, while the Mn**-O* distance along the plane normal is unchanged. The
neighboring in-plane Mn**-O pair can lower its energy when the oxygen p-electron in
the orbital pointing toward Mn®* delocalizes into an empty e, orbital of Mn'*, in which
case the occupied e, orbital is along the film normal. This description is consistent with
the easy normal-to-plane axis found in compressively strained LSMO/LAO. In
LSMO/STO, the Mn’"-O* distance along the film normal becomes smaller than the in-
plane distance, allowing the p-electron of oxygen to delocalize into an empty e, orbital
pointing along the normal. Therefore, the occupied e, orbital has a lower energy when
being in the plane of the film, in agreement with the easy-plane anisotropy observed in

LSMO/STO [134].
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Summary

Optically induced magnetization precession in thin LCMO and LSMO films have
been studied by TR-MOKE. The measured field dependence of the precession frequency
is used to determine the parameters of magnetic anisotropy.

In tensile-strained LCMO/STO films, the dominant contribution is the strain-
induced easy-plane anisotropy. In LCMO/NGO, the measurements reveal a strong in-
plane uniaxial anisotropy with its easy direction at 45° to Mn-O bonds. The results
suggest that the anisotropy originates from the LCMO/NGO interface, where the MnOg
octahedra are different from those in the bulk of the film. The modification of the oxygen
octahedra results from the GdFeOs-type oxygen octahedron rotation in NGO. The
uniaxial anisotropy in the LCMO/NGO system must be taken into account in the
fabrication of magnetic tunnel junctions.

The precession frequency in LSMO films depends on the strain state of the films
via the uniaxial anisotropy. Strain-induced single-ion anisotropy dominates the intrinsic

anisotropy of the bulk LSMO and agrees with earlier static magnetization studies.
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Chapter 6
Band-Offsets at CdCr,Ses-(AlGa)As and CdCr,Ses-ZnSe

Interfaces

The band discontinuities of CdCr,Ses—(AlGa)As and CdCrSes~ZnSe
heterojunctions are measured to high resolution by internal photoemission using a widely
tunable optical parametric amplifier system. The conduction band offsets AE, = 560 meV
and 530 meV at the CdCr,;Ses— GaAs and CdCr;Ses— ZnSe interfaces are determined

from the threshold energies of the photocurrent spectrum at room temperature.

6.1 Introduction

Ferromagnetic semiconductors (FMS) possess both semiconducting properties
and spontaneous ferromagnetic order, making them attractive as magnetic contacts in
spin-based electronics. An n-type FMS which can be epitaxially grown on a substrate
relevant to current electronic device technology is especially attractive, since electron
transport is the basis for high frequency, low power device operation. In addition,
electrons have remarkably long spin lifetimes and spin-scattering lengths in materials
such as Si [137], GaAs [7] and GaN [138].

Recently, the epitaxial growth of n-type CdCr,Se4, a chalcogenide spinel FMS, on

GaAs(001) and GaP(001) has been demonstrated [139]. The use of this FMS as a spin
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injecting contact is a promising way to achieve high spin-injection efficiency for
electrons at low magnetic field, since CdCr,;Ses4 shows strong ferromagnetism below the
Curie temperature (T, = 130 K) [140]. In addition, its semiconducting properties
spontaneously circumvent the conductivity mismatch which may significantly reduce
spin injection efficiency in diffusive regime.

However, the band discontinuity across the heterojunction interface is also an
important parameter for efficient electrical spin injection. For electron injection, the
conduction band (CB) offset should facilitate flow of electrons from the contact into the
semiconductor. Accurate knowledge of the band discontinuity between CdCr,Se4 and the
semiconductor is important for both design and application of spin injection devices.
Internal photoemission (IPE) is a direct method to extract the energy band alignment of
semiconductor heterojunctions. The band discontinuities produce thresholds in the
photocurrent at photon energies when the carriers are photoexcited over the band offset
barrier [45,141-143]. Photocurrent measurements are less sensitive to interface defects
than, for example, capacitance—voltage or current—voltage techniques, thus this method is
the most reliable for band offset measurements in semiconductor heterostructures [144].
Recently, direct and accurate band discontinuity measurements using the free-electron
laser (FEL) IPE technique have been carried out for a variety of semiconductor
heterostructures [ 48,49,145,146]. In this chapter, we investigate the conduction band
offset in n-type CdCr,Ses-based semiconductor heterostructures by the internal
photoemission technique using a widely tunable optical parametric amplifier (OPA) laser
system. No complex model is required to extract the band offset from the experimental

data, since the band discontinuity coincides with photocurrent threshold energy.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



106

6.2 Crystallographic, electronic and magnetic structure of CdCr,Se,

The semiconductor CdCr,Se, is a direct band gap chalcogenide spinel with the
AB;X4 structure (56 atoms per unit cell), in which the Se anions and Cd cations form
interpenetrating face-centered-cubic lattices with the lattice constant of the latter twice
that of the former [147]. The Cd cations occupy the tetrahedral sites formed by the Se
sublattice, and the Cr cations occupy magnetically active octahedral sites. With a lattice
constant of 10.721 A, it is reasonably lattice-matched to technologically important
materials such as Si and GaP (~1.7% tensile mismatch), and to GaAs (5.2% tensile

mismatch).

Fig. 6.1: Model of the crystal structure of bulk CdCr;Ses. Chromium atoms occupy
octahedral sites defined by selenium ligands; one such octahedron is explicitly shown.
[147]

Above the Curie Temperature T, = 130 K, CdCr;Ses displays paramagnetic

properties typical of a nonmagnetic semiconductor, the absorption band edge increases
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with an decreasing temperature, as shown in Fig. 6.2. In contrast, the absorption band

edge decreases with decreasing temperature below the T. when it enters the

ferromagnetic state [148].

1.5

14}

13F

Photon Energy (eV)

12}

Ferromagnetic
Paramagnetic

1.1 s L
0 100

1
200

Temperature (K)

300

Fig. 6.2 Energy gap of CdCr;Se4 versus temperature. Dashed line assumed extrapolation

for paramagnetic state. [148]

The main contribution to the CdCr,Se4 valence band 1s due to the d states of Cr

highly hybridized with p states of Se. The s states coming from Cd, with negligible spin

polarization, and unoccupied d states of Cr form the conduction band. A noticeable spin

polarization is present on the Cr site: the states (i.e., lying below the Fermi level)

occupied in the majority component are many more than the occupied states in the

minority component. This will result in a large magnetic moment on the Cr site (~2.9 g

per atom) [149]. Figure 6.3 shows theoretical densities of states (DOS) calculated within

local density approximation (LDA) to density-functional theory [147]. An expanded view
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is shown in the inset, and reveals that the bottom of the conduction band is dominated by

minority spin electrons whose moment is antiparallel to that of the net film magnetization.

Majority

Minonity

Enzrgy (e¥)

Fig. 6.3 Theoretical densities of states (DOS) of bulk CdCr;Ses4 calculated within LDA.
The inset shows the density of states near the bandgap. Minority spin states dominate the
conduction-band edge. [147]

6.3 Sample preparation

The samples studied are quantum-well (QW) light emitting diode (LED)
structures grown by molecular beam epitaxy. The samples are provided by Dr. Berend
Jonker’s group at NRL. For the CdCr,Ses—Aly ¢9Gag 91As heterostructure, a highly doped
p-type AlGaAs layer is first grown on top of a p'-GaAs substrate. An AlGaAs/GaAs QW
is then grown followed by a 250-A-thick lightly doped n-type AloooGagoAs layer with a
1000-A-thick n-type CdCr,Se, layer on top. For the CdCr,Ses— GaAs heterostructure, an

InGaAs QW is grown on a p'-GaAs buffer layer followed by a 250-A-thick lightly doped
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n-type GaAs layer with a 1000-A-thick n-type CdCr,Seq layer on top. For the CdCr,Ses—
ZnSe heterostructure, a highly doped p-type AlGaAs layer is first grown on top of a p'-
GaAs substrate. An AlGaAs/GaAs QW is then grown followed by a 250-A-thick lightly
doped n-type Alyg9Gago1As layer, a 500-A-lightly doped n-type ZnSe layer, followed by
a 1000-A-thick n-type CdCr;Seq layer on top. A metallic bullseye pattern is evaporated
on top of the CdCr,Ses to make ohmic contacts and provide optical access. The LED

structure is mounted on a chip carrier and the contacts of the LED are wire bonded to the

pads on the chip carrier.
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Fig. 6.4: (a) IPE spectra at room temperature from unbiased ZnSe/GaAs heterojunctions.

(b) The band alignment across the heterointerface.

A ZnSe/GaAs heterostructure in which the ZnSe growth was initiated by exposure
to the Se flux served as a reference sample. We observe the threshold of the photocurrent

occurs at 0.24 eV (Fig. 6.4). Since the GaAs is heavily doped (n=10" cm™), its Fermi
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level is ~0.25 eV above the CB. Thus the CB offset is determined to be 490 meV,

consistent with literature values.

6.4 Band-offsets at CdCr,Se,~(AlGa)As and CdCr,Se,—ZnSe interfaces

The IPE spectrum from the CdCr,Ses—Aly 09Gag 91 As heterojunction is shown in
Fig. 6.5(a). The incident photons are absorbed in the AlGaAs layer and stimulate
electronic transitions from the conduction band to higher energy states. At sufficiently
high energy, these electrons can surmount the potential barrier at the CdCr,Ses—~AlGaAs
heterointerface and can be collected, generating a measurable photocurrent. The threshold
of the photocurrent occurs near the photon energy of 650 meV, and corresponds to the
CB offset between CdCr,Ses and AlGaAs. The threshold energy is determined with a
resolution <10 meV by extrapolation of a power law fit to the data [47]. A square-root
dependence of the photocurrent with photon energy is used assuming direct optical
excitation with elastic scattering for the photoemission process. However, the threshold
energy was found to be rather insensitive to the incident power. A base line on the lower
photon energy side is assumed. The threshold energy does not shift under a small forward
or reverse bias voltage applied to the heterostructure. This indicates that the band bending
formed at the heterostructure interface has no influence on the measured band offset.

In low-temperature electroluminescence (EL) measurements, we note this LED
structure shows a broad bulk recombination band but no QW exciton line. This suggests
that electrons injected from the CdCr,Se4 conduction band have a high kinetic energy and
therefore overshoot the GaAs QW, consistent with the 650 meV threshold observed in the
IPE spectrum. The inset in Fig. 6.5(a) shows the band alignment at the CdCr,Ses—

Alp 09Gag 91 As heterojunction.
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Figure 6.5(b) shows the IPE spectrum from the CdCr,Ses~GaAs heterojunction. A
threshold energy and CB offset of 660 meV is obtained, with a corresponding band
alignment similar to that shown in Fig. 6.5(a). This result is in excellent agreement with
the 650-meV-CB offset at the CdCr;Ses—Alg 09Gag 91 As heterojunction. The valence band
(VB) offset can be determined if the band gaps are known. Various techniques have been
used to determine the band gap of CdCr,Ses. An optical absorption edge is reported
around 1.3 eV [150,151]. Using 1.3 eV as the fundamental band gap of CdCr,Se4 and a
well known band gap of 1.42 eV for GaAs at room temperature, we obtain 780 meV for
the VB offset between CdCr;Se4 and GaAs. As before, there is no shift of the threshold
energy under small forward or reversed bias voltage applied to the structure.

The use of CdCr,Se4 as a spin injection contact represents a promising avenue for
spin injection devices. Recently, Kioseoglou ez al reported on electrical spin injection
from CdCr;Ses into Alp0oGage1As [147]. The magnitude of the injected spin polarization
measured in the GaAs quantum well (6%) is much smaller than expected from band-
structure calculations which indicate that the CdCr,Se4 conduction-band spin polarization
should be nearly 100%. The band offset and interface defects are two major factors that
may reduce spin polarization for transport across such heterointerface. Since the
CdCr;Ses CB edge lies at least 0.6 eV high above the bottom of the GaAs conduction
band, electrons injected into GaAs have high kinetic energy which dissipate by non-spin-
conserving mechanism, lowering the spin polarization. Therefore, a smaller energy band
offset is desirable to maintain maximum spin alignment of the carriers. Since the

conduction band offset of semiconductor heterostructures depends on details of the
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interface bonding and stoichiometry, an additional ZnSe interlayer may provide a smaller
conduction band offset in CdCr,Ses—~(AlGa)As heterostructures.

Figure 6.6 shows the photocurrent spectrum from a CdCr,Ses/ZnSe/ (AlGa)As—
GaAs LED structure. The threshold of the photocurrent occurs near a photonic energy of
530 meV corresponding to the CB offset at the CdCr2Se4— ZnSe interface. We note that
this CdCrSe-based LED structure showed the QW exciton line indicating that the CB

offset has been reduced successfully (Fig. 6.6 (b)).
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Fig. 6.6: (a) IPE spectrum from the unbiased CdCr,Ses/ZnSe heterojunction at room
temperature. The inset shows the cross section of the LED. (b) QW luminescence
spectrum at T=10 K.
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Summary

The band discontinuities of CdCraSes-(AlGa)As and CdCr;Ses-ZnSe
heterojunctions are measured to high resolution by internal photoemission using a widely
tunable optical parametric amplifier system. The conduction band offsets AE; = 660 meV
and 530 meV at the CdCr,Ses-GaAs and CdCr;Ses-ZnSe interfaces, respectively, are
determined from the threshold energies of the photocurrent spectrum at room temperature.
The large band offset at CdCr,Ses-AlGaAs may account for the small magnitude of
injected spin polarization measured in the GaAs quantum well. The band offset can be

reduced by engineering interface bonding and stoichiometry.
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Chapter 7

Conclusions

The interface magnetization in ferromagnetic heterostructures and its ultrafast
dynamics play an important role for the development of the next generation of spintronic
devices. In this thesis, the MSHG technique is applied for studying the interface magnetic
properties in a noncentrosymmetric hybrid structure — Fe/AlGaAs. By judicious selection
of polarization combination, a large nonlinear magneto-optical response is obtained from
Fe/AlGaAs, leading to high sensitivity of MSHG to the interface magnetization. The
reversal process of the interface magnetization is found to be distinctly different from that
of the bulk magnetization in Fe/AlGaAs (001) — single step switching occurs at the
interface layer, whereas two-jump switching occurs in the bulk Fe. The interface and bulk
magnetization is essentially decoupled due to the large difference in the magnetic
anisotropy and reduced perpendicular exchange interaction arising from the specific
bonding and tetragonal distortion at the interface. In contrast, the interface magnetization
in Fe/AlGaAs (110) is rigidly coupled to the bulk, indicating a large exchange interaction
between the interface layer and the bulk Fe. The different behavior reveals a strong
impact of the electronic structure on the magnetic interaction in this hybrid structure.

The time-resolved MSHG technique is utilized to study the ultrafast

magnetization dynamics at the interface. A coherent precession of interfacial electron
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spins is observed in the Fe/AlGaAs (001), implying the feasibility of fast precessional
control of interface magnetization. The field dependence of precession frequencies
enables us to quantitatively analyze the magnetic anisotropy fields at the interface. Large
perpendicular anisotropy fields may contribute to the higher spin precessional frequencies
at the interface than in the bulk. This can be utilized to achieve a faster precessional
switching in nanostructures where interface properties dominate.

Furthermore, the excitations of uniform precession of bulk magnetization are
observed along all the in-plane directions in the Fe film. The time evolution of
magnetization precession enables the direct determination of the damping parameters.
This presents an obvious advantage compared to the non-time resolved techniques, in
which the damping can only be obtained indirectly form the broadened absorption spectra.
Moreover, spin wave excitations are observed in the thick Fe film, providing
complementary information to describe the low order standing spin waves and the
effective exchange coupling.

This thesis also presents a detailed study of photo-induced magnetization
precession in half-metallic LSMO and LCMO films grown on different substrates
including NGO, STO, and LAO. The interface bonding and strain induce a pronounced
effect on the magnetic anisotropy fields and uniform spin precession in the thin magnetic
films. The directional bonding at the LCMO/NGO film causes a strong in-plane uniaxial
magnetic anisotropy field which results in a finite precession frequency at zero field. The
tensile strain in LCMO and LSMO films grown on STO substrates gives rise to an easy-
plane magnetic anisotropy field, lowering the precession frequency at high fields. In

contrast, the compressive strain induced by the LAO substrate leads to an easy normal-to-
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plane axis, significantly enhancing the precession frequencies. These phenomena must be
taken into account in the fabrication of magnetic tunnel junctions.

Moreover, a table top internal photoemission system has been developed to study
the conduction band-offset across the heterointerfaces. The widely tunable optical
parametric amplifier is used as the bright light source in the IPE setup. A high band-offset
across the CdCr,Ses/AlGaAs interface is observed, which is detrimental to the spin
dependent transport. The band offset is successfully reduced by engineering of the

interface bonding and stoichiometry.
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