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We performed time-resolved pump—probe

measurements

using rare-earth iron garnet

Gdsz/2Yby/9BiFe;0,5 as a two-sublattice ferrimagnet. We measured the initial phases of the mag-
netic resonance modes below and above the magnetization compensation temperature to clarify the
sublattice selectivity of the inverse Faraday effect in ferrimagnets. A comparison of the time evo-
lution of magnetization estimated using the equations of motion revealed that the inverse Faraday
effect occurring in ferrimagnetic materials has sublattice selectivity. This is in striking contrast to
antiferromagnets, in which the inverse Faraday effect acts on each sublattice identically. The initial
phase analysis can be applied to other ferrimagnets with compensation temperatures.

The ultrafast control of magnetic materials using light
pulses has attracted considerable interest over the years.
In magnetic insulators, the inverse Faraday effect (IFE)
and Faraday effect (FE) have been applied to excite and
detect magnetization dynamics, respectively.[I] The IFE,
which is the reverse of the magneto-optical FE, was the-
oretically proposed by Pitaevskii[2] and Pershan [3] and
demonstrated by van der Ziel et al.[4] Ultrafast magneti-
zation control has been demonstrated in weak ferromag-
nets, such as DyFeO4[1] and FeBOs,[5] and pure antifer-
romagnets, such as NiO,[6] via the IFE using femtosecond
light pulses. Here, an effective magnetic field pulse Hipg
was induced by a circularly polarized light pulse. The
direction of Hypg is determined by the helicity of the cir-
cularly polarized light. The impulsive Hipg acts on the
sublattice magnetization of transition metal ions (e.g.,
Fe?* ions in DyFeO, and FeBO5 and Ni?* ions in NiO),
followed by precession as free induction decay. In this
theory, the magnitude and direction of Hipg acting on
each sublattice are identical when Hypg is perpendicular
to the sublattice magnetizations. [7]

Ferrimagnets consist of magnetic sublattices aligned
in opposite directions with different magnetic ions of
different magnitudes, such that the vector sum is not
zero.  Thus, ferrimagnets exhibit a net magnetiza-
tion in the ground state. Strong antiferromagnetic ex-
change interactions occur between the two magnetic
sublattices. Accordingly, the magnetic resonance in
ferrimagnets has two modes: the ferromagnetic reso-
nance (FMR) mode (GHz range), which is similar to
that in ferromagnets, and the exchange resonance mode
(sub-THz range), which is unique to ferrimagnets.[8-
[I0] Furthermore, when the temperature dependence of
the sublattice magnetization differs, the net magneti-
zation can vanish at the magnetization compensation
temperature Ty;. Magnetization dynamics in ferrimag-
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FIG. 1. (Color online) Experimental geometry. The GdYb-
BIG single crystal was placed in an electromagnet, which pro-
duces an in-plane magnetic field +Hp.

nets have been actively studied in the field of ferrimag-
netic spintronics, which combines controllability, sim-
ilar to ferromagnetism, with ultrafastness, similar to
antiferromagnetism. [TTHI3]

Ultrafast IFE using circularly polarized light pulses
has been reported in ferrimagnets.[I4H20] However, the
magnetic field and temperature dependence of the initial
phase were not explicitly discussed; moreover, whether
the IFE generated Hpg in the opposite or same direction
for each sublattice has not been studied. We attempt to
clarify this issue by measuring the initial phase of the co-
herently excited resonance modes using a two-sublattice
rare-earth (RE) iron garnet.

The bismuth-doped RE iron garnet
Gdy )5 Yby pBiFe;O15, (GAYD-BIG) is a ferrimagnet
with a Curie temperature of 573 K and Ty = 96 K,
which was obtained from the temperature dependence
of magnetization and the sign change of Faraday
rotation.[21] The exchange interaction between Fe ions
in the tetragonal and octahedral sites is much stronger
than that between Fe and RE ions. Therefore, in
the sub-THz frequency range, one can regard the two
magnetic sublattices to be composed of Fe magnetization
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FIG. 2. (Color online) Magnetization dynamics at 300 K. HF
mode at external field: +Hp (a) and —Hp (b). LF mode at
external field: +Ho (c) and —Hp (d). Pump helicity: ot (red
dots) and o~ (blue dots). The solid lines are the damped
sinusoidal functions with anr ~ 0.03 and arr ~ 0.05 for the
HF and LF modes, respectively.

MF and RE magnetization MRE (Ref. [20]).

We used a GdYb-BIG single crystal with a (111) plane
orientation and a thickness of 140 pum, which was grown
by the liquid-phase epitaxy method. As shown in Fig.
we performed time-resolved pump—probe measurements
in transmission geometry. The polarization of pump
pulse (wavelength 1300 nm, pulse energy 4 pJ, repeti-
tion rate 500 Hz, pulse width 60 fs, spot diameter 280
pm) was circular (%) to excite the magnetic resonance
modes via the IFE. The Faraday rotation angle of the
linearly polarized probe pulse (wavelength 800 nm, pulse
energy less than 10 nJ, repetition rate 1 kHz, pulse width
60 fs, spot diameter 80 pm) is mainly sensitive to the
out-of-plane component M over the entire temperature
range.[21), 22] We applied an external in-plane magnetic
field Hy = 2 kOe in the positive and negative directions,
which was sufficient to align M and MRF in the plane,
resulting in a single-domain structure below 75 K and
above 130 K. Thus, we measured the dependences of the
magnetization dynamics on the helicity (o&) of the circu-
lar pump polarization, the direction of the external mag-
netic field (£Hp), and the temperature (T' = Ty). The
direction of Hipg, can be controlled by o*; the directions
of M¥e and MRE can be controlled by +Hy; and the rel-
ative magnitudes of M™ and MRE can be controlled by
T.

Figures [2(a){2(d) and [B(a)3(d) show the Faraday
rotation of the probe as a function of delay t at
T = 300 K (> Tu) and 60 K (< Tm), respec-
tively, in the external magnetic fields +Hy [(a): ¢t <
20 ps, (¢): t < 300 ps] and —Hp [(b): ¢t < 20
ps, (d): t < 300 ps], together with fitting with
damped sinusoidal functions sin(wyrt) exp(—agrwyrt)
and sin(wppt)exp(—aprwrrt). At 300 K, a high-
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FIG. 3. (Color online) Magnetization dynamics at 60 K. HF
mode at external field: +Hp (a) and —Hp (b). LF mode at
external field: +Hy (c) and —Hp (d). Pump helicity: ot (red
dots) and o~ (blue dots). The solid lines are the damped
sinusoidal functions with agr ~ 0.01 and arr ~ 0.35 for the
HF and LF modes, respectively.

frequency (HF) mode at 403 GHz and a low-frequency
(LF) mode at 5.8 GHz were observed. At 60 K, an HF
mode at 222 GHz and an LF mode at 10.7 GHz were ob-
served. The HF and LF modes were attributed to the ex-
change resonance and spatially propagating FMR (mag-
netostatic) modes, respectively.[I7] From Figs. 2{a){2[(d)
and [3|(a)-[3|(d), we observe that the initial phases of the
sinusoidal functions [sin(wt) or — sin(wt)] of the LF and
HF modes do not depend on the temperature or the direc-
tion of the external field. In contrast, the pump helicity
changed the phases of both modes by 180°. The results
are summarized in Table [l The peak at approximately
6-7 ps in Figs. [a) and b) is due to the reflection of
the pump pulse from the second face of the sample.[23]

It should be noted that for T" < Ty, measurements
were made at 40 and 50 K in addition to 60 K, with qual-
itatively the same results. For T' < 40 K, the analysis is
complicated by the contribution of Yb ions. For Ty < T,
measurements were performed at 140-300 K and similar
results were obtained. For 75 K < T < 130 K, the ap-
plied field was not sufficient to align the magnetization
in-plane, and the two modes could not be excited.

To understand the initial phases, two cases can be con-
sidered for the sublattice selectivity of the IFE. The di-
rections of HEg, acting on MF® and HRE, acting on MEE
are opposite (Case 1 in Fig. |4) and the same (Case 2 in
Fig. [5), respectively. In each case, M and MR¥ rotate
instantaneously according to the following equations of
motion under the impulsive actions of HEsy and HEE
respectively.

dMFe

dt = 77MF6 X HFFeEv (1)
dMRE
i —~MPRE x HRE. (2)



TABLE I. Time evolutions of the HF and LF modes (mea-
surement and Case 1)

Temperature T > Twm
Pump helicity o o~
External field +Hy —Hy +Hy —Hy
LF mode +sinwrrt +sinwprt —sinwprt — sinwrrt
HF mode 4+ sinwyrt +sinwprt — sin wygrt — sin wurt
T < Tm
ot o~
+Hy —Hy +Hy —Hp

+sinwrrt +sinwprt —sinwprt — sinwypt
+sinwypt +sinwgpt — sinwygpt — sin wyet

Ho

!\./f ,
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FIG. 4. Case 1: snapshot of sublattice magnetization devi-
ations by the action of Hirg pulses with the opposite direc-
tions on each magnetic sublattice. The cross and dot circles
indicate that the directions of Hirg are from the front to the
back and from the back to the front of the plane, respectively.
These deviations can be decomposed into those of the LF and
HF modes. M; and M- rotate counterclockwise and clock-
wise around the Hp axis in LF and HF modes, respectively.

Here, v is the gyromagnetic ratio, which is equal for Gd
and Fe ions. Even if they were different, the qualita-
tive argument in this paper would still hold. Equations
(1) and (2) are valid only during laser-pulse excitation,
where the interactions between the sublattices, magnetic
anisotropy field, external magnetic field, and damping
can be neglected.[24] After the pulses of Hisy, and HEE,
disappear, M¥e and MRF continue to rotate as a super-
position of the counterclockwise LF and clockwise HF
modes around the Hj axis, which determine the initial
phases of the two modes in Figs. l(a <l(d ) and [3] I(a
I(d) Let the two sublattice magnetizations be M; and
Mz, where |M;| > |Mz|. M; points toward the external
magnetic field. At 300 K, M; = MF and M, = MRE,
At 60 K, M; = MRF and M, = MFe.

In Case 1, let a and b be the in-plane displacements of
M, and M in the LF mode, respectively. The ratio a/b
can be approximated as |Mj|/|Ms|. In the HF mode,
the in-plane displacements of M; and My are regarded
as identical and are denoted by c.[I0] The in-plane dis-
placements of M; and My can be represented by the
superposition of the LF and HF modes if a > ¢ > b holds
true. In special cases where Hipg is generated only in
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FIG. 5. Case 2: snapshot of sublattice magnetization devia-
tions by the action of Hirg pulses with the same directions
on each magnetic sublattice. The dot circles indicate that the
directions of Hirg are from the back to the front of the plane.
These deviations can be decomposed into those of the LF and
HF modes. The dominant motion is in the LF mode (a) or HF
mode (b). M; and M rotate counterclockwise and clockwise
around the Hp axis in LF and HF modes, respectively.

M; or My, a > b = cor a = c > b hold true, respec-
tively. The dependences of the time evolution of MF®
on the pump helicity, the direction of the external mag-
netic field, and the temperature were consistent with the
experimental results, as presented in Table [I}

In Case 2, the time evolution of M differs depending
on whether the dominant motion is in the LF mode (Case
2a) or HF mode (Case 2b), because the sense of rotation
is opposite between the two modes. In Case 2a [Fig.
I(a)] the MF* for the LF mode can be determined, but
not that for the HF mode. In Case 2b [Fig. I(b the
MF® for the HF mode can be determined, but not that for
the LF mode. The time evolutions of M f ¢ are presented
in Tables [[] and [IT]] for Cases 2a and 2b, respectively;
however, they do not match the experimental results in
Table Il

We conclude that the IFE in GdYb-BIG operates in
opposite directions for each sublattice (Case 1). In spe-
cial cases, Hypg, is generated only in M or MRE. This
is consistent with the sublattice selectivity of the FE, in
which the signs of the contributions of Fe and RE ions to
the FE are opposite and the Fe ion’s contribution is dom-
inant in the near-infrared range.[22] This is in contrast to
antiferromagnets, in which the magnitude and direction
of Hirg acting on each sublattice are identical.[7] The ini-
tial phase analysis can be applied to other ferrimagnets
by measuring below and above the compensation temper-
atures. A clarification of the sublattice selectivity of the
IFE is expected to promote the development of devices
that utilize ferrimagnetic materials and magnetooptical



TABLE II. Time evolutions of the HF and LF modes (Case
2a). The =+ signs of the HF modes are in the same order.

Temperature T > Twm
Pump helicity o o~
External field +Hy —Hy +Hy —Hy
LF mode +sinwrrt +sinwprt —sinwprt — sinwrrt
HF mode +£sinwgrt £ sinwprt Fsinwgrt F sinwyrpt
T < Tm
ot o~
+Hy —Hy +Hy —Hp

—sinwppt —sinwprt +sinwrrpt + sinwrrt
Fsinwpgrt Fsinwprt *sinwprt £ sinwprt

effects, such as the study of magnetization reversal using
the IFE.[25]
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TABLE III. Time evolutions of the HF and LF modes (Case
2b). The = signs of the LF modes are in the same order.

Temperature T > Twm
Pump helicity o" o~
External field +Hp —Hj +Hp —Hy
LF mode +sinwppt Esinwprt Fsinwppt Fsinwprt
HF mode 4+ sinwygrt +sinwygrt — sinwyrt — sinwyrt
T < Twm
ot o
+Hy —Hy +Hy —Hy

Fsinwprt Fsinwrrpt £sinwprt Esinwrrt
—sinwurt — sinwyrt + sinwyrt + sinwyrt
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