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Unconventional spin dynamics in the noncollinear phase of a ferrimagnet
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Ferrimagnets possess collinear and noncollinear magnetic phases. Here we identify a crucial influence of the
magnetic phase on the excited spin modes. The spin dynamics is launched in a rare-earth iron garnet film by
femtosecond laser pulses. The noncollinearity cardinally changes the behavior of spin mode frequencies: the
high-frequency one becomes highly sensitive to the external magnetic field while the low-frequency one gets
almost field insensitive and even drops with the field growth near the transition to the collinear phase. Near the
magnetization compensation point the frequencies of these modes get close to equality.
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I. INTRODUCTION

Ultrafast magnetic phenomena driven by femtosecond light
pulses are emerging topics of modern material science. The
growth in the number of studies in this field is stimulated by
technological demands and fundamental puzzles ranging from
ultrafast all-optical data storage [1–5] and spin transport [6,7]
to quantum computing [8,9].

Ferrimagnets are unique among ordered magnetic mate-
rials as they combine properties of both ferro- and antifer-
romagnets. Being composed of several antiferromagnetically
coupled magnetic ion sublattices, these materials sustain low-
frequency (LF) ferromagnetic (FM) mode and high-frequency
(HF), so-called “exchange” mode [10]. The latter is not at-
tainable by gigahertz conventional microwave stimuli and can
be excited by femtosecond laser pulses due to either thermal
or optomagnonic effects [11]. Ultrafast spin dynamics along
with ultrafast switching, domain-wall motion, spin waves, and
skyrmion formation were extensively studied in ferrimagnetic
metals, such as GdFeCo [5,12–17] and CoGd [18,19]. In con-
trast to metals and alloys, insulating oxides are almost lossless
at optical frequencies. It makes them perfect materials for
essential applications such as all-optical nonthermal magnetic
recording [1,2], spintronics [20], and control of spin waves in
all-dielectric nanostructures [21].

Another important feature of ferrimagnets is the possibility
for full compensation of their sublattice magnetic moments
which takes place at some temperature TM called the magne-
tization compensation point. In the H-T phase diagram of a
ferrimagnet two main phases are possible: collinear and non-
collinear phases [22–25]. The collinear phase is accompanied
with collinear alignment of magnetizations of both sublattices
along the external magnetic field. The noncollinear phase is
characterized by canting of sublattice magnetizations com-
bined with a net magnetization slant to the external magnetic
field.

Previous experiments on excitation of spin dynamics in
rare-earth iron garnets (RIGs) by femtosecond laser pulses
were primarily concerned with the magnetic states in the
collinear phase [10,26–30] and the kind of magnetic phase
was not identified. An optical excitation of the exchange
resonance between rare-earth and transition metal sublattices
far from the compensation point was studied in [10] for an
in-plane configuration of an external magnetic field. The re-
sults were found to be in agreement with the conventional
Kaplan-Kittel theory [31,32] which describes the exchange
mode far from TM. In [29,33] a comprehensive experimental
study of RIGs in an in-plane magnetic field was made in a
wide temperature range including magnetization compensa-
tion point, and both an exchange and FM resonances were
investigated. Nevertheless, magnetic phases were not identi-
fied and corresponding features of spin dynamics were not
observed. As a result, a simplified description of the mode
frequencies behavior in terms of ferromagnetic resonance and
Kaplan-Kittel theories satisfied the experimental data.

Importantly, the role of the magnetic phase on spin dy-
namics was not discussed previously and, in particular, the
noncollinear phase was not addressed in this aspect. At the
same time, nowadays, the room-temperature noncollinear
phase, actively studied in various magnetic materials [34–36],
is a potential candidate for chiral spin textures based magnetic
nonvolatile memory [37], spintronic devices [38], and even
qubits for quantum computing. Hence, the understanding of
spin dynamics in this phase is of urgent fundamental and
practical demand.

In the current work we confront the magnetic phase of a
ferrimagnet with its ultrafast spin dynamics and demonstrate
a crucial role of the phase state in the character of spin os-
cillations. Spin dynamics in the noncollinear phase of RIGs
is studied comprehensively. We scrutinize magnetic phase
transitions in the material via magneto-optical measurements
and distinguish the temperature-dependent features of the spin
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FIG. 1. (a) Configuration of the magnetic sublattices of the sample in the noncollinear and collinear phases. (b) The hysteresis loops
in the in-plane magnetic field for different temperatures (inset shows experimental configuration). (c) Experimental (bright) and theoretical
(blurred) phase diagrams of the RIG film. Black curves (dashed and continuous) represent phase transition boundaries between noncollinear
and collinear phases. The experimental part is separated from the theoretical one by a white frame. The dotted straight line represents the slice
at 4 kOe made for (d). (d) Temperature dependence of θ for the applied in-plane 4 kOe magnetic field. Black points represent experimental
data, whereas the red line is the theoretical approximation (see Supplemental Material, Sec. III). The arrows show sublattice magnetization
vectors orientation with respect to external magnetic field for collinear (blue filling), noncollinear (green filling), and compensated (white line)
states. Vertical (dashed and continuous) lines represent boundaries between noncollinear and collinear phases.

modes by the magneto-optical pump-probe technique. Ulti-
mately, in the noncollinear state, magnetic field dependent
spin dynamics of the HF mode and inverse behavior of the
LF mode were observed, which is in sharp contrast to con-
ventional theories of ferrimagnets. The experimental results
are well described by the quasi-antiferromagnetic theoretical
approach.

II. RESULTS AND DISCUSSION

A. Magnetic phases

Unique magnetic properties of a RIG are governed by
its complex crystal structure. Fe3+ ions occupy sites in
tetrahedral and octahedral sublattices of the cubic unit
cell, with the total magnetization of the Fe3+ ions in the
tetrahedral positions being greater than in the octahedral
ones. An uncompensated magnetic moment of Fe3+ ions
gives rise to net magnetization MFe, which is antiparallelly
ordered to magnetization MR of rare-earth elements occu-
pying the third (dodecahedral) sublattice. Due to a huge
exchange field between Fe3+ ions in tetrahedral and oc-

tahedral sublattices they can be treated as a single one
with magnetization MFe in this case. Spins of the rare-earth
sublattice are ordered by an exchange field produced by
iron ions. The existence of TM is mainly due to a strong
temperature dependance of MR(T ), while MFe is hardly
affected [22–24,39,40].

The magnetization state of a RIG film can be defined us-
ing the sublattice magnetizations MFe and MR forming Néel
vector L = MFe − MR and magnetization vector M = MFe +
MR [Fig. 1(a)]. The elevation angle θ = θFe−θR

2 characterizes
the deviation of the Néel vector from the film plane, while
the angle ε = θFe+θR

2 characterizes a canting of the sublattices
magnetization from a collinear antiparallel orientation. Here
θFe and θR are the angles between the film plane and MFe

and MR, respectively: θ > 0 for vectors in the upper half-
space of the x − z plane (z > 0) and θ < 0 for the bottom
half-space (z < 0) [see Fig. 1(a)]. Therefore angles θFe,R and
θ ∈ [−π

2 ; π
2 ]. Within the theoretical approach, we consid-

ered ε to be small and, based on this assumption, obtained
the Lagrange function of the system and the Euler-Lagrange
equations in terms of the angles of the Néel vector L. Such an
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approach is called the quasi-antiferromagnetic approximation
[22,41] and, along with the sigma model and its modifications
[17,42–44], can be used to analyze some of the two-sublattice
magnetic systems. Wherein, in statics MFe,R always lie in the
plane formed by the magnetic field and anisotropy axis (see
Supplemental Material, Sec. II [45]).

Here we investigate а 2.2-µm-thick RIG film with Gd rare-
earth ions (Bi0.6Gd2.4)(Fe4.28Ga0.57Ge0.15)O12. The film was
epitaxially grown on (111) (CaGd)3(GaZrMg)5O12 substrate
and has a uniaxial magnetic anisotropy with the axis perpen-
dicular to the film. The Faraday rotation angle at a wavelength
of 515 nm is 4.54 °/µm.

We consider the case when the external magnetic field is
in-plane and perpendicular to the anisotropy axis. The analy-
sis of the system’s potential energy minimum reveals that in
this case two magnetic phases are possible, depending on the
temperature and external magnetic field: collinear and non-
collinear phases (see Supplemental Material, Sec. III [45]).
In the collinear phase the sublattice magnetic moments are
antiparallel (ε = 0) and vectors M and L are aligned with the
in-plane external magnetic field H (θ = 0). The noncollinear
phase provides the deflection of vectors M and L from H
(θ �= 0). This deflection is accompanied by noncollinearity
of the sublattices magnetic moment (ε �= 0). The border be-
tween two phases is determined by the condition m = mcr (see
Supplemental Material, Sec. III [45]). Here m is a difference
between sublattice magnetizations m = MFe(T ) − MR(T ),
while mcr is a kind of critical magnetization defined by

mcr = χ⊥H + 2K

H
, (1)

where χ⊥ = (MFe+MR )2

4�MFeMR
∼ 1

�
is magnetic susceptibility (see

Supplemental Material, Sec. III [45]), � is an exchange
parameter between Fe and rare-earth sublattices, and
K = KFe + KR, where KFe and KR are anisotropy constants of
each sublattice (numerical values are given in Supplemental
Material, Sec. I [45]). The collinear phase exists for |m| > mcr

and the noncollinear one establishes if |m| < mcr. Thus, a
second type of phase transition from noncollinear to collinear
phases occurs at m = mcr. This transition is directly related to
the critical temperature Tcr (H ) at which m = mcr.

To experimentally determine the magnetic phase diagram
θ (T, H ) we measured the magneto-optical hysteresis loops
at various temperatures. Some of the loops are presented
in Fig. 1(b). The experiment was carried out in an almost
in-plane external magnetic field of an electromagnet (the
field’s tilt angle was around 1 °). Linearly polarized (E of
light is directed along H) normally incident 515-nm laser
pulses were utilized for polarization rotation measurements.
The pulses were generated by a tunable parametric amplifier
(Avesta PARUS) pumped by a 1-kHz Yb regenerative ampli-
fier (Avesta TETA). The spot size of the beam on the sample
surface was ∼ 40 µm, which is much smaller than the do-
main size under zero applied magnetic field. The sample was
heated by a Peltier element electrically controlled with current
stabilization. Therefore, the measured Faraday rotation angle
was proportional to the out-of-plane component of the sample
gyration vector. Since the gyration in RIG is mostly provided
by Fe3+ ions [46], the observed Faraday rotation conforms to

(MFe)z. Furthermore, since the tilt between Fe and Gd sublat-
tices given by angle ε is small (see Supplemental Material,
Sec. II [45]), such measurement provides deflection of the
Néel vector (θ ≈ θFe). At zero magnetic field MFe is directed
normally to the surface (θFe = π/2) due to the uniaxial mag-
netic anisotropy. A magnetic field applied in-plane deflects
MFe from the normal. Consequently, θ is found as follows:

θ (H, T ) ≈ θFe(H, T ) = sin−1

(
FR(H, T )

|FR(0, T )|
)

, (2)

where FR(H, T ) and FR(0, T ) are angles of the Faraday
rotation (FR) under applied magnetic field H and zero mag-
netic field, correspondingly. To determine the phase diagram
θ (H, T ) only one branch of the hysteresis loops FR(H, T ) can
be considered. In our case we used the one corresponding to
a decrease of the external magnetic field from Hmax = 4 kOe
to 0.

The experimentally measured magnetic phase diagram
θ (T, H ) and its cross section at H = 4 kOe are given in
Figs. 1(c) and 1(d), respectively [additional cross sections of
Fig. 1(c) are presented in Supplemental Material, Sec. V [45]].
A distinct jump of derivative ∂θ/∂T takes place at m = mcr

[solid black curve in Fig. 1(c)], e.g., at Tcr ∼ 383 K for H = 4
kOe [Fig. 1(d)], indicating the second kind of phase transi-
tion. The other phase transition of the second kind appears
for smaller temperatures when m < 0 and |m| = mcr [dashed
black curve in Fig. 1(c)] which corresponds to T ′

cr ∼ 284K at
H = 4 kOe [Fig. 1(d)]. For a fixed H the noncollinear phase
(θ �= 0) appears for the temperature interval T ′

cr (H ) < T <

Tcr (H ). This temperature range decreases for larger magnetic
fields [Fig. 1(c)] which is due to the increasing Zeeman en-
ergy of the sample. Notably, in the noncollinear phase, theory
predicts bistability of the system due to the degeneracy of the
+θ and –θ states (see Supplemental Material, Sec. III, Fig.
S3 [45]). However, in our experiments a small out-of-plane
magnetic field component exists which lifts this degeneracy
and selects the direction of Mz projection parallel to this small
out-of-plane field component. Hence L flips while crossing
the magnetization compensation temperature TM due to a
change of sign of m at TM, which indicates that for the studied
sample TM = 336 K.

B. Spin dynamics peculiarities

Ultrafast spin dynamics in the sample was excited by 787-
nm circularly polarized 250-fs laser pump pulses incident at
∼ 10 ◦ of polar angle and observed by the FR of the fem-
tosecond laser probe pulses at 515 nm delayed with respect
to the pump pulse in the configuration shown in Fig. 2(a). The
pulses were produced by the same laser system used for the
static magneto-optical measurements. The pump and probe
pulses were focused on the sample to a 100-µm (fluence of
30 mJ/cm2) and a 40-µm (fluence of 0.3 mJ/cm2) spot, corre-
spondingly. The pump-probe experiment was conducted in a
wide temperature range which allowed us to observe features
of the noncollinear states below and above TM. Moreover, we
resolved the spin dynamics at the phase transition (Tcr = 383
K at H = 4 kOe) and in the collinear phase, for larger tem-
peratures [Fig. 2(b)]. Figures 2(b) and 2(c) demonstrate the
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FIG. 2. Configuration of the pump-probe experiment (a). Ultrafast magnetization dynamics represented by the probe Faraday transients in
the range of 350 ps for different temperatures from 303 K (below TM) to 393 K (above TM): (b) general view for the range up to 350 fs and
(c) zoomed view for the range of 50 ps demonstrating the HF mode in detail. The data in (c) are presented after subtracting the LF mode. The
amplitude of the oscillations in (c) for 308–323 K are scaled (the scale factor is presented on the right side of the figure). Fitted curves from
Eqs. (3) and (4) are colored red and blue in (b) and (c), respectively.

dynamics of the Néel vector in terms of the time-resolved
Faraday polarization rotation (TRFR) at H = 4 kOe. Two
kinds of oscillations are clearly observed: LF ones at the
timescale up to 350 ps [Fig. 2(b)] and HF ones at the timescale
of 50 ps [Fig. 2(b) and the zoomed view in Fig. 2(c)]. Notably,
the HF component in the TRFR signal was not observed
for the temperatures above TM. To obtain frequencies of the
observed oscillations, a fitting procedure using a nonlinear
least-squares method was carried out. As the first step, to ob-
tain the parameters of the LF mode, we utilized the following
function:

FLF(t ) = A0 + A1 exp(−λ1t ) + A2 sin(2π f2 + ϕ2)

× exp(−λ2t ). (3)

In Eq. (3) f2 is the frequency of the LF mode. Next, we
subtracted FLF(t ) at timescales 0–50 ps from the experimental
data to obtain Fig. 2(c). The subtracted data were fitted with
the function presented below:

FHF(t ) = A3 sin (2π f3 + ϕ3) exp (−λ3t ). (4)

The frequency f3 in Eq. (4) represents the HF mode. Data
on the frequencies of these modes collected from gauged
TRFR signals were then compared to theoretical values
[Figs. 3(a) and 3(b)].

Theoretical analysis of the spin dynamics in the current fer-
rimagnetic system is performed based on the Euler-Lagrange
equations of motion (see Supplemental Material, Sec. II [45]).
In our calculations we assumed that the gyromagnetic ratio of
Fe and Gd ions is equal (γFe = γGd = γ ) [47–50]. In the non-
collinear phase (|m| < mcr) the mode frequencies are given by
(see Supplemental Material, Sec. IV)

ωHF,LF =
(

�2
1 + �2

2 + ω2
0 ±

√(
�2

1 + �2
2

)2 + 2ω2
0�

2
2

)1/2

,

(5)
where �2

1 = ω2
H

2 − ωHωKK cos θ , �2
2 = 1

2 (2ωH cos θ − ωKK )2,
ωH = γ H , ωKK = γ

|m|
χ⊥

= γ�|m|, and ω0 = γ
√

2K/χ⊥. In
Eq. (5) the sign “+” corresponds to the HF mode while
the sign “−” corresponds to the LF one [inset in Fig. 3(a)].
Frequencies of the modes for the collinear state are presented
in the Supplemental Material, Sec. IV [45]. The frequencies

calculated using Eq. (5) [solid curves in Figs. 3(a) and 3(b)]
agree well with the experimental findings [dots in Figs. 3(a)
and 3(b)].

Actually, the experimental and calculation data shown in
Fig. 3 along with Eq. (5) represent the special features of
this work. The features of the HF and LF modes in the non-
collinear state differ drastically from those in the collinear
phase far from TM and should be discussed in detail. Let
us start from the HF mode. Conventionally, it is described
as the Kaplan-Kittel exchange mode, whose frequency is
nearly unaffected by the external magnetic field and is pri-
marily influenced by the exchange magnetic field [10,26,29]:
ωHF = ωKK = γ�|m|. However, in the noncollinear state the
situation dramatically changes: the Kaplan-Kittel formula is
no longer valid and when temperature approaches the com-
pensation point ωHF goes to some minimum value given by

ωHF(TM) = γ
√

2K
χ⊥

+ H2. Consequently, in the noncollinear

phase the HF mode frequency does depend on the external
magnetic field and in the vicinity of TM and in relatively
low magnetic fields ωHF depends on H quadratically. This
provides an important and convenient tool for its control
that was previously unavailable in the collinear states far
from TM.

The behavior of the LF mode is nearly the opposite. Typi-
cally, the frequency of the LF mode depends on the applied
magnetic field in the collinear state and is well described

by the Kittel formular: ωLF = γ
√

H (H− 2K
|m| + 4π |m|) (e.g.,

see Ref. [29]). However, in the noncollinear state this turns
upside-down: the q-FM mode becomes hardly sensitive to
the magnetic field, as shown in Fig. 3(a) by blue symbols.
Near the compensation point Eq. (5) gives for the LF mode

ωLF(TM) = γ
√

2K
χ⊥

.

Moreover, our study shows [Fig. 3(b)] that near the com-
pensation point fHF and fLF become close to each other:
fHF decreases and fLF increases for the temperature increase
towards TM so that both modes have extremums at this tem-
perature. There is only a small frequency gap at TM:  f =
γ

2π
(
√

2K
χ⊥

+ H2 −
√

2K
χ⊥

), which can be controlled by an ex-

ternal magnetic field. Please note that at the temperatures far
from TM, the frequencies of the two modes have several orders
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FIG. 3. (a),(b) Experimentally found frequencies of the LF (blue dots) and HF (brown dots) modes compared to theoretical curves
calculated from Eq. (3): (a) versus magnetic field at T = 313 K and (b) versus temperature for H = 4 kOe. The inset in (a) shows the
complex trajectory of MFe and MR vectors during laser-induced simultaneous excitation of the LF and HF modes. The trajectory is shown for
the time interval equal to one period of the q-FM mode. Six periods of the HF mode are seen. Color of the trajectory curve denotes the temporal
coordinate, so that the dynamics starts at the black point and proceeds to the light-green color. (c),(d) Calculated oscillation frequencies of the
HF (c) and LF modes (d) as a function of external magnetic field and temperature. White dashed lines at (c) and (d) indicate the boundary of
phase transition between noncollinear and collinear phases.

difference. For example, frequencies of 3 and 410 GHz were
observed for the FM and exchange modes for the films far
from the compensation point at similar experimental condi-
tions [26].

We broadened the view of mode frequencies behavior and
calculated the frequencies of the LF and HF modes for differ-
ent values of the external magnetic field and temperature using
Eq. (3) [Figs. 3(c) and 3(d)]. A boundary between the collinear
and noncollinear phases are shown in Figs. 3(c) and 3(d) by
a dashed white line. A peculiar nonmonotonous dependence
of fLF on the magnetic field is observed in the noncollinear
phase near the phase transition temperature Tcr: it decreases
with the increase of the magnetic field [Fig. 3(c)], which is in
high contrast with what happens in the collinear phase and in
the ferromagnetic materials. Notably, the theory predicts that
at Tcr, fLF tends to zero [Figs. 3(b) and 3(c)], which indicates
a soft mode character [25].

III. CONCLUSION

To conclude, in this study, we identify an importance of the
magnetic phase of a ferrimagnet for its ultrafast spin behavior.
A rare-earth iron garnet near magnetization compensation

temperature was considered. We demonstrated several crucial
peculiarities of spin dynamics in a noncollinear state that
contrast sharply with the usually observed spin dynamics of
the exchange and ferromagnetic modes in a collinear state
far from the compensation point. In particular, when the tem-
perature approaches the compensation point, the frequencies
of the HF and LF modes behave oppositely: the former de-
creases, while the latter one grows. The situation changes
after crossing the compensation point for higher temperatures.
We also discovered that the transition from the noncollinear
phase to the collinear one is accompanied with softening of
the LF mode which leads to its frequency minimization. In
contrast to the conventional case of the collinear phase in the
noncollinear one, the behavior turns upside-down: The HF
mode gets a field-dependent character, while the LF mode
becomes almost field independent, which is in agreement with
our theoretical predictions based on quasi-antiferromagnetic
approximation of Euler-Lagrange equations of motion. The
described methodology allows temperature control of the
magnetization states of RIG for magnonic and spintronic de-
vices. The approach described in the current study is universal
and can be applied for RIG with various rare-earth ions as well
as for other ferrimagnets with uniaxial anisotropy.
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