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Ultrafast spin polarization in a multiferroic manganite BiFe0.5Mn0.503 thin film

Abstract

In this work, we present observations of ultrafast carrier dynamics and spin polarization in a multiferroic
manganite BiFe0.5Mn0.503 film excited by linearly and circularly polarized femtosecond pulses,
respectively. The d-band charge transfer transition is reasonably assigned to '3 - I'5. The transient
reflectivity decay on a time scale as fast as only 0.3 ps is consistent with the picture of ultrafast electron-
phonon coupling. The ultrafast switching of polarization ellipticity (< 150 fs) originates from a transient
coherent spin polarization by optical orientation. The ultrafast spin polarization switching is assigned to
the Raman coherence process.
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In this work, we present the observation of ultrafast carrier dynamics and
spin ordering in the multiferroic manganite Bi2FeMnQO¢ (BFMO) film excited by
linearly and circularly polarized femtosecond pulses, respectively. The d-band
charge transfer transition is reasonably assigned to I's — I's. The photo-excited
carriers relax firstly within around 0.3 ps, corresponding to the electron-phonon
coupling. The ultrafast switching of polarization ellipticity (<150 fs) is originated
from a transient coherent spin ordering by optical orientation, which is assigned

to Raman coherence process.






Multiferroic materials, which show the simultaneous coexistence of ferroelectric
and magnetic phases, have attracted extensive attention in the past decades [1-3]. By
doping another magnetic transition metal cation on the B-site in an ABOj3 perovskites
oxide, BixBB'Og, can provide ferromagnetic exchange according to the
Goodenough-Kanamori’s rules [4]. Multiferroic manganite Bio.FeMnOs (BFMO), a
compound of BiFeOs; and BiMnOs;, has been recently designed theoretically and
fabricated experimentally. More intense research has resulted in promising findings
such as multiferroic, coexisting a small net ferromagnetic magnetization at room
temperature and ferroelectricity at low-temperature in BFMO [5-7]. In the previous
work, based on the small magnetic moment observed in M-H loop, Mn-O-Mn is
antiferromagnetically ordered in BFMO, which is much weaker than Fe-O-Fe
ordering [8]. It is important to note, the desired electronic configuration of B-B’ cation
1s difficult to be obtained, owing to the mixed valence states. Furthermore, long-range
ferromagnetism requires alternation B-B’ cation ordering along the fundamental
perovskite directions [4].

Femtosecond optical pump pulse has been widely used to suddenly create a
nonequilibrium state in the semiconductors [9,10] and ferromagnetic materials [11,12].
The subsequent electron and/or spin relaxation dynamics is measured by time-delayed
probe pulse. Based on the transfer of angular momentum from circularly polarized
light to the medium, a nonequilibrium electron polarization was created in
antiferromagnetic Mott insulators [13], topological insulator [14] and also

paramagnetic crystal [15], which has been ascribed to a transient spin polarization



with fast depolarization. Less studied and very interesting material system is the case
of multiferroics, which are generally classified to the strongly correlated electrons
system, combining both magnetic- and semiconducting-properties. In recent years,
optical pump-probe spectroscopy has been employed as a crucial alternative tool for
investigating the strong coupling between spin, charge, and lattice on different time
scales in multiferroic systems [16-20]. In addition, the individual degree of freedom is
sensitive to various optical characterization of probe pulse, such as absorption,
reflection or polarization. The present work is motivated by uncovering the question
that is it possible to generate a coherent transient spin ordering in a multiferroic
system by using the ultrashort laser pulse?

A well-crystallized single-phase BFMO film was deposited on a silicon substrate
using a pulsed laser deposition method (PLD) at 923 K with 500 - 600 mTorr dynamic
oxygen. The film thickness is about 150 nm. The time-resolved pump-probe study of
BFMO film was measured with a standard reflection-geometry. The light source was
provided by a commercial mode-locked Ti:sapphire laser (Spitfire Pro,
Spectra-Physics) running at the repetition rate of 1 kHz, the pulse width of 120 fs. A
quarter wave plate was placed in the pump path, which enables the tuning of the pump
pulse helicity between right- and left- circularly polarized states with its fast axis at an
angle @ to the plane of incident pump beam. Both of the pump and probe beams were
focused on the surface of the sample with a spot diameter about 200 um. The fluence
of the probe beam was weaker than that of the pump beam at least a factor of ten. The

BFMO film under investigation were photo-excited at 800 nm (1.55 eV). The



penetration length is 100 nm, which is much less than the thickness of the film under
investigation here. Lock-in amplifier detection was used to record pump-induced
relative change in reflected probe power as function of pump-probe delay time. In
addition, a Glan prism and balanced optical bridge was used to detect the
pump-induced transient polarization rotation or ellipticity change of the linearly
polarized probe beam. In our measurements, the sample was mounted in a
closed-cycle liquid-He cryostat in vacuum chamber with four optically accessible
windows, which is allowed control of the sample temperature in a range of 100 - 300
K.

Figure 1 (a) shows the typical time-resolved transient reflectivity (AR/R) of
BFMO film, which was measured with a pump fluence of 500 pJ/cm? at 120 K, also
as a proof of the high quality of the BFMO film. During or immediately following the
pulse, the AR/R starts rising sharply (population) and then decays by a non-radiative
double exponential relaxation process. The fast and slow exponential decays mostly
arise from the isotropic relaxations of non-equilibrium electron and lattice systems.
We will find in the following that the electron dynamics takes place essentially slower
than the coherent spin dynamics.

The photo-induced change of complex dielectric susceptibility driven by
linearly- and circularly-polarized pump pulses are corresponding to linear- and
circular anisotropy, respectively [21]. The antisymmetric nonlinear perturbation of the
dielectric permittivity tensor is deduced from the pump-induced magneto-optical Kerr

effect. The ellipticity signal relates to f (N) « M, where M is the magnetization, and f



(N) is determined by the complex refractive index N at the probe frequency. We can
find the direct proportion relation between the M and the magnitude of the
Gaussian-like peak in the ellipticity signal [9]. The symmetric nonlinear perturbation
of the dielectric permittivity is deduced from the rotation of the probe polarization
plane, which is due to the nonmagnetic, third-order nonlinear optical Kerr effect.
Attention should be paid that only the off-diagonal elements of the complex dielectric
susceptibility tensor is related to spin-based phenomenon, which could be classified as
optical orientation (resonant case) [13] and inverse Faraday effect (off-resonant case)
[12,15].

Typical temporal behaviors of the photo-induced polarization ellipticity of the
reflected probe pulse (AnX) are shown in Fig. 1 (b), measured at room temperature, in
which the excitations with linearly, left- and right-circularly (o. and o+) polarized
pump beams are used under pump fluence of 8 mJ/cm? and wavelength of 800 nm. A
direct comparison of time-resolved reflectivity and polarization ellipticity of the probe
pulses is performed to access the complete transient photo-induced phenomena in the
sample. In contrast to the photo-induced reflectivity with a multi-exponential decay,

K

the initial impression of the dynamical response Az ) is a two-step recovery,

which can be decomposed into a symmetric Gaussian peak and a relaxing slope. This
striking difference in temporal profiles demonstrates a separate physical origin
between the measured An and AR/R response. We note that the Gaussian-like peak of

An§+(_) remembers the polarization of pump pulse, it clearly change sign when the

K

helicity of the pump pulses is reversed. Moreover, Anﬁ(_) IS maximum as the pump



and probe beams are overlapped temporally. On the other hand, the measured slower
relaxation slope is independent on the helicity of the pump pulse, which can also be
induced by linearly polarized pump beam. This suggests that the temporal relaxation
slope can be assigned to the heat-induced birefringence, driven by the dynamical
phenomena involving phonons. This temporal birefringence dominates the isotropic
changes in the refractive index.

As shown in Fig. 2 (a), the differential transient polarization ellipticity AnK =
1/2(AnK.+ - AnK..) (red squares) between the o+ and o. pump beam allows us to
minimize the thermal effect as the primary source of the net dichroism excited by the
pump beam. In the following, we attribute this to the pure magnetic-order contribution.
Figure 2 (b) shows the differential polarization rotation A = 1/2(A0K.. - AOK,.)
(black circles), excited with opposite circularly polarized pulses. Notice that the
differential polarization ellipticity shows almost a Gaussian shape, while the
differential polarization rotation follows a derivative shape of the ellipticity
counterpart. They are related through the Kramers-Kronig relation [14].

In Fig. 3 (a), we present the measured peak amplitude of An® as a function of the
temperature (red squares) pumped by circular polarized pulse. It is important to see
that the transient An follows the same trend of the static magnetization curve (green
circles) of the sample with decreasing the temperature. The increase of magnetization
is due to the increasing the long-range magnetic-order contribution [8], that occurs as
the sample cools down. Base on the similar temperature dependence, it is reasonable

to purports the spin origin of the observed transient photo-induced anisotropy signal.



It is instructive to compare the results on the ultrafast photo-induced anisotropy
for different polarization of the pump pulse. The Fig.3 (b) shows the dependence of
the peak amplitude of An (black circles) upon the orientation of the fast axis of the
quarter-wave plate relative to the polarization of the incident pump pulse, i.e., the
helicity of the pump pulse. The dependence can be well reproduced by a sum of
twofold (blue dashed line) and fourfold (red dotted line) sinusoidal functions, which
come from two main contributions: the spin-related optical orientation and
nonmagnetic, third-order nonlinear optical Kerr effect in the ultrafast time scale,
respectively [22]. It can be found that the contribution from optical orientation is
maximized while OKE vanishes when the pump beam is circularly polarized. Having
noted that the Kerr ellipticity induced by spin ordering only appears in presence of the
pump pulse.

It has been reported that the time scale of spin orientation can be extract by a
simple model, which had been adapted firstly for conventional GaAs [23] and then
oxide insulators [13]. Under the assumption that both pump and probe pulses have
Gaussian temporal profiles, the photo-induced polarization rotation and ellipticity can
be well fitted by: 6 4+ ie = Aexp (— %) + Bexp(i’—g — i) X [1 — erf(% - i)] ,
where t is the pump-probe time delay and o= 120 fs is the width of pump pulse. The
erf is the Gaussian error function. A and B correspond to the symmetric and
antisymmetric of the dielectric susceptibility tensor e. In the spin dynamics of
semiconductor and ferromagnetic metals, the transient spin relaxation mechanism is

generally consisted with the spin-orbital coupling [23]. Owing to the orbital



quenching in 3d electron materials, we take another spin relaxation process into
account. A characteristic tr is Raman coherence time, which describes a transition in
a degenerate state with symmetry |+) to |-) changing the magnetic quantum
number and the magnetic polarization. As shown in Fig. 2(b), tr = 100 £+ 30 fs
extracted from the fitting is shorter than the laser pulse duration.

To understand the photo-induced charge- and spin-related response of BFMO,
we need to consider the charge transfer (CT) transitions [24]. The band gap for
BiFexMnixO3 could be modulated from 1.2 ~2.6 eV by altering the doping ratio x,
between 0 and 1 [25]. Since the onset of the d-d CT transitions (~2 eV) in Fe**-based
ferrites is strongly blue-shifted as compared to the Mn>*-based manganite [24], and
also the onset O-Mn, CT transition at higher energy (~ 5 eV), 1.55 eV pump and
probe pulse used here is attributed to the intersite Mn** ion d-d transitions. The ground
state of the 3d transition is formed by the oxygen 2p state strongly hybridized with the
3ds.”.? and 3d.’.,? states. In the orthorhombic manganite BFMO, the °D is split into a
" low state and a >T>* high state under the influence of a moderated crystal field of
the octahedral symmetry m3m [26]. Figurel (c¢) shows a schematic energy-level
diagram for the optical transition (I'*—I°) between the hybridized O*(2p)-Mn**(3d)
states and the Mn>" states.

The fast decay of AR/R corresponds to the carriers leaving the excited high state
I via electron-phonon couplings, which is characterized by the population relaxation
time t:=300 fs. The following slow process could be contribute to the carrier

recombination from the upper state to the Mn-O hybrid state. The amplitude and time



constant of the carrier relaxation dynamics is dependent on sample temperature. On
the other hand, a circular pump pulse creates a coherent superposition of the excited
states |+) and|—) . Electric-dipole optical transitions from the ground state I's| g) are
allowed to the doubly degenerate state of symmetry state I's. In the case of a circularly
polarized pump pulse, it is convenient to use a circular basis for the wave functions of
the doubly degenerate excited states |+) and |—) , where the states |+) are
characterized by the z projection J, of the total angular momentum equal to 1,
respectively. The nonzero electric-dipole matrix elements for transitions from the
ground state |g) to the excited state |+) and |-)are (g|d"|+)=(g|d |-)=d,
respectively. | g),|+) and|—) constitute a degenerate phenomenological three-level
model, as shown in Fig. 1(c). The transitions between |+) and|—) are characterized
by a coherence time tr = 100 % 30 fs, which could be contributed to Raman coherence
and demonstrates the relaxation time of angular momentum J,. Furthermore, as shown
in Fig. 3 (c), the peak magnitude of An* increases linearly with pump fluence, which
means that the coherent superposition states is proportional to the intensity of the
pump pulse, while the coherent time is independent on the pump fluence.

In summary, the ultrafast photo-induced spin ordering in the multiferroic
BioFeMnOs has been observed on a femtosecond time scale. By means of
femtosecond pump-probe transient reflectivity, Kerr rotation and ellipticity
measurement, two relaxation time are disclosed. By pulse pumping, the charge
transfer carriers in BFMO leave the excited state at about 300 fs by electron-lattice

coupling and then recombine. With circularly polarized pulse pumping, the helicity

10



dependent coherent spin ordering is observed. The spin polarization relaxation time is
determined to be Tr= 100 + 30 fs, which is assigned to the Raman coherence process
between the excited doubly degenerate state I'°|+,—) state. This study provides the
experimental evidence to optical orientation in BixFeMnOg regarding ultrafast
photo-induced spin ordering and paves the way to a large application potential in

future spin-based all-optical technologies.
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Fig. 1 (a) The transient reflectivity at 120 K for BFMO film. The points are the
experimental data and the solid line is a double exponential fitting for the data. (b)
Typical photo-induced Kerr ellipticity responses to linearly polarized light (An®jinear),
right (An%s+) and left (An%s.) circularly polarized light pumping with zero external
applied field, measured at room temperature. (¢) Schematic energy-level diagram for
the dipole allowed transition I —I” (solid arrows) between the hybridized
0%(2p)-Mn>"(3d) state and the Mn>*(3d) states, (|g) is the ground state and |+), |-

are the degenerate excited states.
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polarized pump pulse, respectively. The solid lines are the fitted curves.
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pump fluence dependences of the ellipticity peak amplitude of A»* under o+ excitation.
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