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Terahertz-driven magnetization dynamics of bismuth-substituted yttrium iron-gallium garnet thin
film near a compensation point
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Magnetization dynamics of bismuth-substituted yttrium iron-gallium garnet film (Y;_.Bi;)[Fe,_,Ga,]
[Fes;_,Ga,]O;, has been studied using a terahertz pump—optical probe spectroscopy. Two magnetic modes are
observed whose frequencies intersect at a magnetization compensation point. The experimental dependence of
the excited modes on terahertz pulse polarization, an external magnetic field and the temperature are analyzed.
The theoretical description based on symmetry and the Lagrangian formalisms is proposed. Magnetic modes
crossing is explained as interplay between exchange and anisotropy energies equally contributing near the
compensation point. Simulations based on the Landau-Lifshitz-Gilbert equations show that a difference in
magneto-optical susceptibilities of tetrahedral and octahedral iron sublattices can substantially enhance the

sensitivity to the magnetic modes.
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I. INTRODUCTION

Revealing new fundamental principles and mechanisms for
the fastest and the least dissipative ways to control electron
spins is believed to be the key that unlocks the next revolution
in information processing technology resulting, in particular,
in an efficient quantum computing [1], spintronics [2], and
magnetic data storage [3]. It is natural that for the fastest and
the least dissipative spin reorientation, one employs materials
with spin resonances having the highest possible frequency.
High frequencies of spin resonances reaching several terahertz
(THz) even in the zero applied magnetic field are intrinsic for
media with antiferromagnetic exchange interaction [4]. On the
other hand, recent progress in the development of tabletop
high-field pulsed THz sources made it possible to routinely
generate short pulses with a peak electric field exceeding
1 MV/cm with a spectrum covering magnetic resonances in
many antiferromagnetic materials [5]. Such a single-cycle
THz pulse with subpicosecond duration became one of the
major contenders for ultimately fast and least-dissipative con-
trol of spins in antiferromagnets.

Among media with antiferromagnetic coupling of spins,
ferrimagnets stand as particularly promising ones. They com-
bine nonzero net magnetization, thus, having functionality of
ferromagnets with high frequencies of magnetic resonances
required for bringing spintronics to the THz operation range.
A specific feature of some ferrimagnets, a compensation
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temperature T), at which the net magnetization changes its
sign [6], opens up an intriguing possibility to control and
even switch magnetization [7] by exciting spin dynamics in
a vicinity of 7),. Recently, the possibility to excite a magnetic
high-frequency eigenmode in a ferrimagnet by a THz pulse
has been demonstrated experimentally [8]. However, such
excitations in ferrimagnets driven by a strong THz pulse near
its compensation point where ferrimagnets closely resemble
antiferromagnetic media remains unexplored.

It has been demonstrated that strong electric [9] and mag-
netic [10] fields of THz pulses can both serve as stimuli
for driving spin dynamics. The THz magnetic field can cou-
ple resonantly to the eigenmodes of antiferromagnetically
ordered spins. A theoretical consideration has identified the
magnetic-field derivative torque as the main mechanism to
drive magnetization dynamics [11]. This mechanism was ex-
perimentally demonstrated in a series of works on different
magnets including collinear antiferromagnets [10,12], weak
antiferromagnets [12,13], and ferrimagnets [8]. Thus, in this
paper we aim at identifying the peculiarity of a THz pulse-
ferrimagnetic spin coupling mechanism in a vicinity of the
compensation point.

In this article, we experimentally study THz excita-
tion of spins in a ferrimagnetic bismuth-substituted yttrium
iron-gallium garnet (Y3_.Bi;)[Fe,_.Ga,][Fe;_,Ga,]O; in
the vicinity of the compensation point of the two iron
sublattices and demonstrate simultaneous excitation of quasi-
ferromagnetic (q-FM) and quasi-antiferromagnetic (q-AFM)
modes with comparable amplitudes. We show that the excita-
tion of both modes has a resonant character and is governed by
the magnetic-field derivative torque exerted by a THz pulse.

©2022 American Physical Society
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FIG. 1. (a) Magneto-optical hysteresis loops measured at different temperatures. (b) THz pump-NIR probe experimental geometry, top
view. The THz and NIR pulses are linearly polarized. The polarization of the THz pump and the NIR probe pulses were controlled by two wire
grid polarizers and a half-wave plate, respectively. Two coordinate frames are used: an (xyz) frame linked to the polarization plane (xy) and the
propagation direction (z) of the THz pulse, and (xy'z") frame, where the 7z’ axis is along the NIR probe pulse propagation in the crystal and the

Y axis is parallel to the external magnetic-field Hey;.

Comparable effective fields of the exchange interaction and
magnetic anisotropy equally contribute to the frequency of
spin resonance. A numerical simulation shows that the dif-
ference in the magneto-optical susceptibilities of the iron sites
enhances the sensitivity of magneto-optical Faraday detection
to the magnetic modes.

The paper is organized as follows. Section II reports on
the details of the garnet thin film, its characterization, and
experimental procedure. Section III describes the main exper-
imental results. Section IV proposes a thermodynamic theory
that describes the possible modes of spin resonance in this
compound, the temperature dependences of the modes, and
the THz-induced torques that can excite them. A simulation
based on the numerical solution of the Landau-Lifshitz-
Gilbert equations is further used to quantitatively compare the
expected magnetization dynamics with experimental observa-
tions. The conclusions are summarized in the last section.

II. MATERIALS AND METHODS

The studied sample is a bismuth-substituted yttrium iron-
gallium garnet (Bi,Ga-YIG) film grown by liquid phase
epitaxy on a gadolinium gallium garnet (GGG) substrate. The
substrate orientation is (210), and the film thickness is 10 pm.
The cathodoluminescence characterization shows the content
of the film (in at. %): Bi — 6.5, Y — 8.8, Fe — 18.2, Ga
— 6.4, and O — 60.1, which corresponds to the composition
of (Y3_ZBiZ)[Fez_xGaX]O[Fe3_yGay]7012 with z = 1.3 and
x 4+ y = 1.3 [14] and superscripts denote octahedral (O) and
tetrahedral (7") positions. Magnetic moments of iron ions in
tetrahedral and octahedral sites form the net magnetizations
M7 and My, respectively. Replacing a certain amount of iron
ions with nonmagnetic gallium ions significantly changes the
magnetizations and can lead to emergence of compensation
point at temperature Ty, at which My (Ty) = Mo(Ty) if 1 <
x +y < 1.5 [14]. At the same time, substitution of yttrium

ions with bismuth ions changes the effective spin-orbit cou-
pling and enhances magneto-optical effects [15,16].

To confirm the presence of the compensation point,
magneto-optical hysteresis loops at a wavelength of 800 nm
were measured at different temperatures. Epitaxial garnet
films grown on a (210) GGG substrate possess uniaxial and
orthorhombic magnetic anisotropies resulting in the equilib-
rium orientation of the magnetization tilted away from the
sample normal by certain angle which amounts to ~ 10° in
the studied film [17]. Therefore, the tilt of the crystal and the
orientation of the magnetic field were chosen empirically to
maximize the THz-induced probe polarization rotation. Hys-
teresis loops at several temperatures are shown in Fig. 1(a).
The compensation point is clearly observed and estimated to
be Ty, ~ 80 K. Using molecular field theory and the value of
Ty, one can estimate the gallium substitution on tetrahedral
sites y. The values of y* ~ 1.152 and x* &~ 0.148 fit the best
(see Appendix A).

In the pump-probe experiment, we use a Ti:sapphire regen-
erative amplifier with an energy of 4 mJ per pulse, a central
wavelength of 800 nm, and a pulse duration of 100 fs at a
repetition rate of 1 kHz. The major part of the near infrared
(NIR) beam is used to generate THz pump pulses by optical
rectification of femtosecond pulses with tilted pulse fronts in
lithium niobate [5,18]. A smaller part of the original NIR
beam was used as a probe. The NIR probe and THz pump
beams are spatially overlapped at the sample surface. The
time-resolved THz-induced polarization rotation of the probe
beam is measured using a conventional balanced detection
scheme and scanning the time-delay ¢ between the THz pump
and the NIR probe pulses. To characterize a THz pulse, we
use the Pockels effect in a thin [110]-cut GaP crystal [19].
The peak electric field of the THz pulse is estimated to be of
500 kV/cm, which corresponds to the magnetic-field counter-
part of Hyy, = 160 mT. The geometry of the experiment is
schematically shown in Fig. 1(b).
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FIG. 2. (a) THz-induced probe polarization rotation for different directions « of the THz magnetic-field Hry, on the xy plane. The
orientation angle « is shown next to the corresponding curves. (b) Fourier spectra of the signals from panel (a). The dotted line in (b) marks
the spectral position of the narrow-band signal. The shift of the spectrum maximum and narrowing of the bandwidth with « are clearly visible.

The measurements were performed at a temperature of 7 = 292 K.

III. RESULTS

Figure 2(a) shows the THz-induced polarization rotation
for different directions of a linearly polarized THz magnetic
field obtained at room temperature. The direction of the
THz magnetic-field Hyy, = Hyy, sina Xo + Hry, cosao Yo
is controlled on the xy-plane. Xy and yy stand for unit vec-
tors along the x and the y axes. At the direction angle
of @« = £90° (Hry,||X0), THz-induced transients show two
localized bursts at t =0 and 11 ps resembling the shape
of the THz pulse, which can be attributed to a forced
THz-induced response. In contrast, at o = 0° (Hry||yo)
resolvable oscillation is seen. The fast Fourier transform con-
firms spectrum narrowing at o = 0° with a peak centered
at 250 GHz [Fig. 2(b)], whereas the spectrum at o = £90°
is dominated by the broadband signal. The fringes in the
spectrum of the broadband signal can be attributed to the
backreflection of the THz pulse in the GGG substrate ev-
ident from the second burst seen at time delay r = 11 ps
[see Fig. 2(a)].

To further identify the origin of THz-induced transients,
the role of external static magnetic field H.y, was investigated.
We set the THz magnetic field Hry,||yo and measured THz-
induced rotations at two opposite external magnetic-fields
+H,,. Figure 3(a) shows the sum and the difference of the
obtained waveforms at these opposing fields. The oscillating
narrowband signal dominates the sum waveform and, hence,
is even in an external magnetic field [Fig. 3(a)], whereas the
small burst attributed to the broadband signal shows an odd
dependence. Moreover, the narrow-band signal nearly inde-
pendent on the absolute value of the external magnetic-field
H.x [Fig. 3(b)]. Interestingly, the broadband signal observed
with Hrpy,||Xo is also odd on the reversal of the external
magnetic field (see Appendix B). This clearly reveals the
difference in the THz-induced transients. Since observation of
the oscillating signal at o« = £90° (Hryy,||Xo) is obscured by
the forced THz-induced response from here on we consider
exclusively the geometry with Hry,||yo.-

Next, we analyze the dependence of the THz-induced po-
larization rotation on the probe polarization direction. The
direction of the electric field of the probe pulse is introduced
as Exr = Enr cos B Xg + Enr Sin Byg. The THz-induced
transients were strobed by vertically (8 = 0°), horizontally
(B =90°), and B = 45° polarized probe pulses [see Fig. 3(c)].
No pronounced dependence on the probe polarization was
revealed, and, thus, we can attribute the THz-induced polar-
ization changes to the Faraday rotation caused by modulation
of the antisymmetric part of dielectric permittivity £, Tak-
ing into account low optical absorption of Bi,Ga-YIG at the
central wavelength 800 nm of the probe pulse [20] and ap-
plying Onsager’s principle [21], it can be shown that @ is
an odd function with respect to the magnetization. Limiting
our consideration by the term of the lowest order, i.e., as-
suming that £@ is a linear function of the magnetization,
symmetry implies that the THz-induced polarization rotation
originates from the oscillations of the out-of-plane component
of magnetization along the 7' axis. Thus, our experimental
observations suggest that THz pump pulses with Hry,||yo
excite the magnetic mode characterized by the frequency of
250 GHz at room temperature.

To confirm that the oscillating signal is indeed a finger-
print of the THz-driven magnetic mode, we measured the
THz-induced polarization rotation at different temperatures.
Figure 4(a) shows the Fourier spectra of the transients ob-
tained at several temperatures as well as their fit using two
Lorenzian functions. Figure 4(b) shows the dependence of the
central frequencies of the Lorenzian peaks in the spectrum
on temperature. Whereas at 7 = 292 K only one peak (red
triangles) in the spectrum can be reliably identified in the
Fourier spectrum, below 7 = 150 K the second peak emerges
(blue circles). One sees that the frequency of the second peak
is lower with respect to the frequency of the first peak at
T = 150 K, has nearly the same value at the compensation
point Ty, and is higher at the lower temperature. The peak
observed up to room temperature can be attributed to the g-
AFM mode (red triangles) of precession of the two sublattices,
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FIG. 3. Sum and difference of the THz-induced polarization rotation measured at opposite polarities of the external
magnetic-field +Hg. (b) THz-induced polarization rotations at two external magnetic-field strengths. (c) Dependence on

probe polarization angle S, where S is an angle between the probe electrical-field Engr and the x axis. Hpy,|lyo and
T =292 K.

whereas the second peak can be attributed to the q-FM mode excitation mechanism. To characterize the two-sublattice an-
(blue circles). tiferromagnets, we use the Lagrangian approach developed
in Ref. [22]. It is conventional to introduce the Néel vector
L = M7y — My and the net magnetization vector M = My +
My with their absolute values determined as L = My + My

Having identified the two magnetic modes excited by the and Mg = My — Mr, correspondingly. We will use the tilted
THz pulse, we now turn to a discussion of the possible coordinate system xy’'z’ depicted in Fig. 1(b). In spherical

IV. THEORETICAL ANALYSIS AND DISCUSSION
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FIG. 4. (a) Fourier spectra of THz-induced polarization rotation at different temperatures. The solid lines correspond to the fit with two
Lorentzian functions. The corresponding waveforms are shown in Appendix C. The THz electric-field strength is 500 kV/cm. (b) Frequency
dependence of the q-AFM (red triangles) and the q-FM (blue circles) modes on temperature. The fits based on Eq. (4) are shown as solid
curves. The spectrum of the THz pump pulse is shown from the right. To exclude contributions from the forced THz response, we start the
Fourier time window at the end of the initial THz pulse (~ 3 ps).
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coordinates, we write L = L(sin 6 cos ¢, sin 0 sin ¢, cos 6)
and M = Mg(sin 6 cos ¢, sin 8 sin ¢, cos 0).

From the rectangular-shape hysteresis loops [Fig. 1(a)]
we concluded that the magnetization is directed along the
external magnetic-field Hey,. Assuming Hey, being sufficient
to align magnetization, the ground state can be defined by two
angles 6y = /2 and ¢y = 7w /2. By writing and linearizing
the Euler-Lagrange equations near 6y and ¢, the perturbation
angles ) = 6 — 6 and ¢ = ¢ — ¢ can be determined from
the damped oscillator equations,

.2, ' .
91 + ;91 + (,()%91 - (a)ex - CUH)‘PI + 603901 = VHTHz,x,

L2 .
¢+ ;(p] + w%wl + (wex - wH)el + 0)39]

= yHru, o ~ y8Hry,y, @)

where t is a decay time, § is the refraction angle for the
THz light at the crystal surface, wex = Y AMs, wg = ¥ Hext,
2 2
o} = y2a(Gr) 03 =V, e and ©0F =
2 . . .
yzk(%)ez%,w:%. W (0, ¢) is the magnetic anisotropy en-
ergy, and A is the exchange parameter. Neglecting damping

(1/t =0) and external magnetic-field contribution (wy <
wex ), the characteristic equation can be written in the form

0=60,9=¢o’

(a)f — wz)(a}% — a)z) = a)gxa)2 + a)g. 2)

Then we derive frequencies of the q-AFM and gq-FM
modes,

2,2 4
Wiw; — Wy

1
a)i-AFM,q»FM = E(w% + w% + ng) 1+ |1—4—1=2 5 1 3)

where + corresponds to two modes.

The anisotropy of the Bi,Ga-YIG film produced by
liquid phase epitaxy consists of cubic, uniaxial, and bi-
axial anisotropies [23]. Usually the cubic anisotropy is
small, whereas the rest strongly depends on composition

2 2
and growth conditions [24]. Here W = Kom% + Km% +
N N

MM,
Kon#, where Koy, Kin, and Ky denote out-of-plane,

in-planse, and canted orthorhombic anisotropy constants, cor-
respondingly. To simplify fitting of experimentally obtained
frequencies to Eq. (3), we neglect contribution from or-
thorhombic anisotropy (w3 = 0) and assume equal in-plane
and out-of-plane anisotropies w? = w} = y?ALH, with Hy
being the anisotropy field. Then the solution of Eq. (3) can
be written in the form of the Kittel-Kaplan formula,

“"*A;% - %[szSZ + 4 L] + %AMS, @)
where we use A~ —45 Tesla/up [14]. To estimate the
magnitude of the anisotropy field, we use the data from
Ref. [25]. The sublattice magnetizations were estimated from
molecular-field theory (see Appendix A). The fit [solid curves
in Fig. 4(b)] according to Eq. (4) shows very good agreement
with experimental data. In the vicinity of compensation point
exchange term ~ A?M3 is comparable with anisotropy term
~ ALH, leading to the q-FM and q-AFM frequencies being
close to each other.

Temperature dependences of the q-FM and q-AFM modes
allow to conclude that the excitation is resonant. In Fig. 4(b)
the spectrum of the THz pump pulse is plotted against the
magnetic mode frequencies. One sees that both modes are
observed only when there is a spectral density in the excita-
tion pulse at the frequency of the modes. As the temperature
increases, the g-FM mode disappears in the detected signal
as its frequency softens beyond the spectral range of the THz
pulse. It is worth noting that quadratic on THz-field terms can
also contribute to off-resonant excitation of magnetic modes,

(@} + @} +a2)’

(

e.g., via the THz inverse Cotton-Mouton effect [13], although
relatively high-mode frequency with respect to the THz pulse
spectrum width considerably diminishes its efficiency.

The THz magnetic-field Hry,||Xo hampers observation of
the magnetic modes. At the moment of the THz pulse ex-
citation, the out-of-plane 6; ~ yHTHZ’x and in-plane ¢; ~
ycSHTHZ,y components of magnetization are mostly determined
by the external torques. Noting that the Faraday rotation is
mostly sensitive to the out-of-plane component of magnetiza-
tion and, thus, to 6}, one readily sees that the forced response
is well pronounced at Hry,||Xo. As a result, this forced con-
tribution following a THz pulse shape masks oscillations at
magnetic mode frequency, which are also driven by y Hry, .
On the other hand, the THz magnetic-field Hyy, ||y refracts at
the inclined crystal surface and results in nonzero z’ projection
of the THz magnetic-field Hry, y = HrH,,y Sind ~ §Hryy,y.
The torque y 8 Hryy, , triggers dynamics of the in-plane compo-
nent of magnetization described by ¢, which, in turn, result
in the out-of-plane 6, component movement detected in the
experiment.

Interestingly, from comparing the temporal signals ex-
cited by Hry,||Xo and Hry,||yo [Fig. 2(a)] one sees that the
amplitudes of the oscillation of 6, at the frequency of the
magnetic mode [see the spectral weight along the dotted line
in Fig. 2(b)] are comparable when driven by )/I-'ITHZ,X and
by ycSHTHZ,y, despite 6 < 1. Efficient excitation of oscilla-
tions of 0; observed in the latter case can be explained by
the ellipticity of the excited modes. Ellipticity is defined by
intrinsic properties of the spin system and can be introduced

2 2_ .2
O3 HWex Wq—FM,q-AFM __ | @2~ @G_FM,q—AFM

as a ratio of % ~ exp(tz),

V) 72
@]~ By_EM,q—AFM W] ~Wg_EM,q—AFM

Wex g

where tan z = =*=-"-%% Except in the vicinity of the com-

pensation point, all 3frequencies here are of the same order
of magnitude [17] and we can assume 6, /¢; =~ =£:. This al-
lows us to conclude that excitation of the dynamics of the
out-of-plane magnetization component 6; mediated by the
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coupling of the THz field to the in-plane component ¢; is as
efficient as the direct coupling of the THz field to 9,. Earlier,
such a scenario for efficient excitation relying on pronounced
ellipticity of magnetic modes has been realized for the case of
optical excitation of magnetic dynamics in a weak ferromag-
net [26]. Moreover, the imaginarity of 8; /¢, induces coupling
of a linear-polarized THz pump to both q-AFM and q-FM
modes simultaneously as indeed observed in our experiments
at T < 150 K (Fig. 4). It is worth noting that a giant linear
magnetoelectric effect [27] was reported in a (210)-cut yttrium
iron garnet thin film, which can add additional components
to the torque. At the same time, the magnetoelectric tensor
usually depends on temperature [28], whereas a pronounced
temperature dependence of the spin modes amplitudes has not
been observed experimentally.

Resonant excitation of the magnetic modes by the THz
magnetic field in a ferrimagnet can be enhanced if the
sublattices possess different gyromagnetic ratios [8]. Unam-
biguously, in the studied sample, the gyromagnetic ratios of
iron ions in tetrahedral and octahedral sites are the same
Yo = yr = y. Nevertheless, magneto-optical susceptibilities
of the two sublattices are still different and may affect the
optical detection of the excited modes. To examine why the
observed magnetization dynamics is well observable, we first
estimated normalized THz-induced rotation associated with
the excited magnetic mode as dfr /0 ~ 1 mdeg/10° = 107%,
where dOF is the amplitude of the probe polarization rotation
induced by the THz pump (see Appendix C), and 6 is the
static Faraday rotation in remanence [see Fig. 1(a)]. Next,
we analytically solved the system of coupled Landau-Lifshitz
equations for two ferrimagnetic sublattices [22],

aM;
dt

= —yM; x H 4 2o M, x S

== 5
M; dt %)

where the magnetization of the sublattices M; = My and My,
Gilbert damping factors are (xiG = ocg and (x(T}, and the effec-
tive fields are HS" = H" ) = Hry, + Hew — AMo 7 — %
[29]. To minimize influence of anisotropy, estimation is per-
formed at room temperature. Then the probe polarization
rotation is found noting that the Faraday rotation is the sum
of the octahedral and tetrahedral contributions with different

magneto-optical coefficients A and B, respectively,
Or = AMo + BM7y. (6)

The gallium substitution leads to diamagnetic dilution and
reduction of magneto-optical coefficients, whereas bismuth
substitution enhances them by creating a strong dominance
of the tetrahedral sublattice contribution [16,20]. According
to the literature, a reasonable ratio for the studied garnet film
is B &~ —2A. Figure 5(a) shows the simulated relative THz-
induced Faraday rotation d6r /6r at Hry,||yo obtained using
this ratio between A and B coefficients. One sees that the result
of the numerical simulations appears to be of the same order
of magnitude as in experiment d6r /6 ~ 10~*. It is important
to note that the difference in magneto-optical coefficients for
two sublattices enhances d6r /0F as demonstrated in Fig. 5(b).
For instance, B &~ —2A enhances the amplitude of the detected
signal by a factor of 5 as compared to the case with equal
coefficients B &~ —A. This also explains why magnetization

Hry, Il o
(@ 15 T T T T T T T T T
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<
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< 5 .
uw 0.0
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FIG. 5. (a) Numerical simulation of the relative THz-induced
Faraday rotation at room temperature. The following parameters
were used: the THz magnetic field of 160 mT, the exchange constant
A &~ —45 Tesla/ g, the gyromagnetic ratio y = 28 GHz/T, the ratio
of magneto-optical coefficients B/A = 2, the saturation magnetiza-
tion Mg = 0.15 up and the external magnetic-field Hey, = 100 mT
oriented at an angle 9 ° from the y axis. The Gilbert damping coef-
ficients were taken in accordance with the experimental observation
af = a$ = 0.005. The g-AFM mode is clearly visible. The mode
is even with respect to the sign of the external magnetic field. (b)
Maximum and relative THz-induced Faraday rotations as functions
of the ratio of the magneto-optical coefficients B/A.

dynamics is observable even near the compensation point,
where Mg ~ 0, whereas 6y ~ (A + B)Mo.r.

V. CONCLUSION

We experimentally show that intense THz pulses can si-
multaneously excite the q-AFM and the g-FM modes in a
thin film of (Y3_.Bi;)[Fe,_.Ga,][Fe;_,Ga,]O;, yttrium iron
garnet in the vicinity of compensation point. The temperature
dependence of the modes frequencies obtained from the theo-
retical formalism is in full agreement with the experimental
data. The THz magnetic-field direction strongly affects the
observation of the magnetic modes. Simultaneous excitation
of both magnetic modes with the help of a linear-polarized
THz pump is explained to be due to a strong ellipticity
of the modes. Numerical simulations based on the Landau-
Lifshitz-Gilbert equations show that an enhanced sensitivity
of the magneto-optical effects to the magnetization dynamics
is achieved due to a difference in magneto-optical susceptibil-
ities of the two antiferromagnetically coupled iron sublattices.
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APPENDIX A

According to the molecular-field theory for single crystals
[14], one can estimate site compositions (x ~ 0.1 andy &~ 1.2)
from the total Ga substitution x +y = 1.3 [see Fig. 6(a)].
Corresponding saturation magnetization Mg = My — My asa
function of temperature is plotted in Fig. 6(b). It is seen that
for y ~ 1.2 saturation magnetization Mg does not fit exper-
imental observation (the blue dashed curve). The difference
can be related to the growth conditions, which can affect
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FIG. 6. (a) Fraction y/(x + y) vs total gallium substitution x + y
(blue curve) adopted from Ref. [14]. The point y* = 1.152 cor-
responds to the fraction value estimated from the experimentally
observed compensation temperature. (b) Saturation magnetization
Mg =My — My as a function of temperature for y = 1.2 (blue
dashed curve) and y* = 1.152 (green curve). My(T) and My (T)
temperature dependencies are shown in the inset.
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FIG. 7. The THz-induced probe polarization rotation at (a)
opposite polarities and (b) different strengths of the external
magnetic-field Hey,. (¢c) Dependence on probe polarization angle .
Hry,||Xo and T = 292 K. The dominant contribution from the forced
response ~ yHTHZ,X is observed.

the distribution of gallium on tetrahedral and octahedral sites
[30]. Hence, alternatively, the sites compositions x and y can
be estimated from the observed compensation temperature
Ty ~ 80 K. The best agreement with experiments is given
by x* ~ 0.148 and y* ~ 1.152 (the green curve). Note that
the bismuth substitution mainly affects the high-temperature
magnetization through its effect on the superexchange inter-
action [31].
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FIG. 8. The THz-induced probe polarization rotation measured
at different temperatures indicated near corresponding curves.
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APPENDIX B

Figure 7 depicts how the THz-induced dynamics with
Hry, ||Xo depends on the external magnetic field Hey and the
probe polarization angle 8.

APPENDIX C

Figure 8 depicts the waveforms of the THz-induced
polarization rotation used for plotting Fourier spectra
in Fig. 4(a).
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