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Revealing thermally driven distortion of magnon dispersion by spin Seebeck effect in Gd;Fes;O1,
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We report a systematic study of the temperature and field dependences of the spin Seebeck eftect (SSE) in
a bilayer of Pt/Gd;Fes0O;,. An anomalous structure is observed in the magnetic field dependent measurements
at temperatures between ~60 and ~210 K. Unlike the ordinary SSE signal originating from the bare magnons,
which changes sign at ~95 and ~266 K, the sign of the anomalies remains unchanged with increasing temper-
ature. Moreover, the anomalies are found to show a temperature-sensitive double-peak structure between ~116
and ~143 K. We attribute these anomalies to the contribution from the quasiparticles hybridized between the Gd
moment dominated spin wave (o mode) and the transversal acoustic phonon, known as the magnon polarons.
Given that the magnon polaron induced anomalies occur at the field where the linear phonon dispersion is
tangential to the magnon dispersion curve, we explain these rich phenomena by an increase of the group velocity
of the @-mode magnon with increasing temperature and the nonparabolic magnon dispersion of Gd;FesO,.
Our results demonstrate that the magnon polaron induced SSE is helpful for the investigation of the magnon

dispersion evolution with a simple transport approach.
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I. INTRODUCTION

Magnon polarons are the quasiparticles of the hybridized
magnon and phonon modes through magnetoelastic coupling
[1,2]. The coupling strength reaches the maximum value at
the intersections of the uncoupled magnon and phonon disper-
sion curves and rapidly decays away from the intersections.
The magnon polarons have the mixed characteristics of the
magnetic and lattice dynamics in the proximity of the intersec-
tion region. Recent investigations have demonstrated that the
magnon polarons can play important roles in several magnon
transport related phenomena such as the spin Seebeck effect
(SSE) [3-11] and its reciprocal effect, the spin Peltier effect
[12]; nonlocal measurements [13—15]; and spin pumping [16].
In addition to these studies, the magnon polarons provide an
avenue to interconvert the angular momentum between the
spin wave and the elastic wave [17].

The initial report of the magnon polaron enhanced SSE,
which relies on the magnon transport upon the application
of a temperature gradient, was discovered in the magnetic
field dependent measurements in the bilayer of Pt/Y3;FesO,,
(YIG) [3]. The enhancements occur at certain magnetic fields,
where the transverse acoustic (TA) or longitudinal acoustic
(LA) dispersion curves tangentially touch the magnon disper-
sion curve. At the “touching” fields, the magnon and phonon
modes are coupled over the largest volume in the frequency
space, leading to the strongest magnon-phonon coupling.
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Owing to the ratio of the magnon and phonon scattering
potentials (1) being much larger than 1 for the high quality
single-crystalline YIG, the lifetime of the magnon and the cor-
responding SSE are enhanced [9]. Given that n is independent
of temperature, the contribution of the magnon polarons to
the SSE, enhancement or reduction, would not change with
temperature. Although YIG is a typical ferrimagnetic material
[18,19], its magnon dispersion is generally considered to be
parabolic with a single band in most experiments, particularly
at low temperature [5,20-22], owing to the strong antiferro-
magnetic exchange interaction (~3 eV) between the Fe atoms
occupied at tetrahedral (d) and octahedral (a) sites and the
large gap of ~8 THz between magnon acoustic and optical
modes below 100 K [23-25]. Similar magnon polaron induced
anomalies were later observed in other magnetic insulators
[4-7], including a very recent report in uniaxial antiferromag-
netic insulator Cr,O3;. Among these works, Ramos ef al. [4]
demonstrated the tunability of the magnon polaron induced
anomaly by engineering the magnon dispersion via doping
YIG. Very interestingly, a recent model calculation predicted
that the anomaly of SSE in a special ferrimagnetic insulator
GdsFes0j, (GdIG) can be efficiently manipulated solely by
tuning the temperature and can exhibit rich features in sharp
contrast with that observed in YIG and all other materials [8].
However, to date, corresponding experimental studies in GdIG
are rare, which motivates the present work.

Therefore, we perform systematic measurements of the
SSE in a bilayer consisting of a GdIG and a heavy metal
Pt. It is well known that the behavior of the SSE in Pt/GdIG
is completely different from that in Pt/YIG [26]. Due to the
negligible exchange interaction between Gd atoms and weak
antiferromagnetic exchange interaction between Gd and Fe
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atoms, the magnetization of the Gd sublattice is much more
sensitive to temperature than that of the Fe sublattices [27,28].
As a result, the total magnetic moment vanishes at the com-
pensation temperature (Tcomp), at which the sign of the SSE
signal changes [26,29]. Another SSE sign change is observed
below Teomp. It is interpreted by the increase of spin injection
efficiency of the Fe moment dominated spin wave modes (8
mode) at high temperature, which generate the opposite spin
current to compensate that from the Gd moment dominated
spin wave modes (¢ mode) dominated at low temperature
[26]. These distinctive behaviors of the SSE in GdIG, the
magnon polarons in GdIG, might reveal more physics of the
coupling between magnon and phonon than other materials.

In this work, we report our direct observation of the anoma-
lous structures in the longitudinal SSE measurements induced
by magnon polarons in Pt/GdIG. Unlike the reported anoma-
lies in Pt/YIG and other systems, the positions and line shapes
of the anomalies strongly depend on temperature and field.
Furthermore, the sign of the anomalies remains unchanged
with increasing temperature in comparison with two sign
changes of the ordinary SSE at ~95 and ~266 K. Since the
ordinary SSE is mainly contributed by the ¢ mode at low
temperature and the sign change of the ordinary SSE is caused
by the predominant contribution of the 8 mode above ~95 K
[26], we infer that the @ mode participates in the formation
of the magnon polaron. Our observations are consistent with
a qualitative analysis based on the previously reported finite-
temperature calculation of the « mode in GdIG, and thus
provide transport evidence of the thermally driven distortion
of its dispersion.

II. EXPERIMENT

The single-crystalline GdIG films with a thickness of about
3 um were grown on Gd3;GasOp,; (GGG) (111) substrates by
liquid phase epitaxy. The magnetic properties were measured
by a superconducting quantum interference device vibrating
sample magnetometer (SQUID-VSM, Quantum Design). The
5 nm thick Pt films, patterned into a 0.3 mm wide and 2.6
mm long Hall bar by a metallic mask, were deposited on
GdIG film by a dc sputtering system at room temperature. The
base pressure was 2.6 x 107 Pa and Ar pressure was about
0.1 Pa during the deposition. The longitudinal SSE voltage
[30—42] in the Pt/GdIG bilayer was measured by a nanovolt-
meter (2182A, Keithley) in a physical properties measurement
system (PPMS, Quantum Design). The resistances of the Pt
film and the resistor close to the sample were measured si-
multaneously using the four-probe method.

The crystal quality of the samples was examined by x-ray
diffraction (XRD). The XRD w — 26 scan of the GAIG/GGG
(111) sample is shown in Fig. 1(a). The out of plane lattice
constant of the GdIG film is determined to be 12.47 A, consis-
tent with the bulk value for the very thick film [43,44]. This,
together with the very strong (444) reflection peak from the
GdIG film, indicates the good quality of the GdIG film.

III. RESULTS AND DISCUSSION

The typical hysteresis loops measured on our GdIG film
at various temperatures with scanning an in-plane magnetic
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FIG. 1. (a) The XRD w — 26 scan of the GdIG/GGG (111) film.
(b) The typical hysteresis loops measured on the GdIG film at three
typical temperatures. (c) The magnetization as a function of temper-
ature measured at a magnetic field of 0.05 T. The inset is the blowup
around Tiomp.
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field are shown in Fig. 1(b). Obviously, the saturation mag-
netization (My) changes nonmonotonically with increasing
temperature. To obtain Tiomp, the magnetization as a func-
tion of temperature recorded at a magnetic field of 0.05 T
measured by SQUID is plotted in Fig. 1(c). Teomp = ~272K,
lower than Tiomp of bulk GdIG (~288 K), is estimated from
the temperature at which the magnetization exhibits a mini-
mum value. A similar Teomp decrease of the GdIG film has
been reported and attributed to strain effects and slightly off
stoichiometry [26,45].

We adopted the longitudinal SSE measurement geometry.
The experimental geometry is shown in Fig. 2(a). The sample
with a resistive heater on the top of the sample surface is
mounted on a copper holder as a heat sink, where there is
a layer of thermally conductive adhesive between the sam-
ple and the heater to enhance the heat transfer efficiency. A
resistor was attached near the sample to measure the heater
sink temperature (77) via its temperature-dependent electrical
resistance. The temperature of the GdIG surface (7y) was
accurately measured via the temperature-dependent electrical
resistance of the Hall bar of the Pt film, which also serves as
the spin current detector. The generated temperature differ-
ence (AT) perpendicular to the sample plane is obtained as
AT = Ty — T.. Because the thickness of the Pt/GdIG bilayer
is two orders of magnitude smaller than that of the GGG
substrate, Ty is very close to the average temperature of the
Pt/GdIG bilayer and hence we consider the sample tempera-
ture T to be equal to Ty. The directions of AT (z direction),
the applied in-plane magnetic field (H) (x direction), and the
detection of the SSE voltage (V) (y direction) are always
perpendicular to each other to obtain the maximum SSE signal
in all measurements. As shown in Fig. 2(b), V is recorded
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FIG. 2. (a) Measurement geometry of the SSE in Pt/GdIG/GGG
sample. (b) V as a function of AT for the Pt/GdIG/GGG sample at
uoH = 0.2T. (c) S as a function of magnetic field for PUGdIG/GGG
sample at 75.66, 187.25, and 285.22 K, respectively. (d) Temperature
dependence of S for Pt/GdIG/GGG sample.

as a function of AT at uoH =0.2T and T =113.12K
which is controlled by both the cryostat and the heater to
remain unchanged. It exhibits a linear dependence passing
through the origin, suggesting that V originates from the
SSE. This allows us to calculate the normalized SSE voltage
S = (V/AT)/(L,/L;), where L, = 0.5 mm is the thickness of
the GAIG/GGG film and L, = 2.6 mm is the length of the Pt
film to detect the SSE voltage. The temperature gradient is
not a constant value across the whole sample because of the
different thermal conductivities of GGG and GdIG, meaning
that AT /L, and S do not represent the actual temperature
gradient in the GdIG film and magnitude of the SSE coeffi-
cient, respectively. Even so, S still qualitatively describes the
behavior of the SSE well.

Figure 2(c) shows S as a function of magnetic field mea-
sured at three typical temperatures with poH < 0.5T. The
hysteretic S clearly exhibits sign change twice with increasing
temperature, in sharp contrast from that of the Pt/YIG system.
To evaluate the variation of S as a function of temperature, we
extract S at uoH = 0.3 T, larger than the saturation field, in all
field-dependent measurement data and plot them in Fig. 2(d).
S shows very strong temperature dependence in magnitude
and sign. The sign of § is negative at low temperature and
changes to positive around 77 = 95 K, then the magnitude of
S increases with gradual increase of temperature. At around
1) ~ Teomp, S exhibits an abrupt sign change from positive
to negative without changing its magnitude too much. These
results are consistent with previous reports [26].

In order to explore the role of magnon polarons, we
carried out the field-dependent SSE measurements at vari-
ous temperatures. The results are shown in Fig. 3(a), where
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FIG. 3. (a) S of the Pt/GdIG/GGG sample measured at differ-
ent temperatures. (b) The corresponding blowups of S at different
temperatures.

the contributions from the ordinary magneto-Seebeck effect
have been removed (see Supplemental Material [46]). We
observe anomalous peak structures on top of the ordinary SSE
signal in the data measured between 61.44 and 211.10 K.
To clearly see the line shape of the structures, the corre-
sponding enlarged plots around the structures are shown in
Fig. 3(b). At first glance, the anomalous peaks look quite
similar to those previously observed in Pt/YIG [3], Pt/Fe;O04
[6], and Pt/Nig ¢5Zng.35AlpgFe; 204 [5] and are attributed to
the magnon polarons, suggesting the same magnon-polaron
origin of our present anomalous feature. On the other hand,
the unique magnetic properties in GdIG lead to distinctive
behaviors.

For T < Ti, the anomalies have the same sign with the
ordinary SSE, meaning that the SSE signal is enhanced by
the magnon polarons, similar to the Pt/YIG system. In this
temperature range, the contribution of the « mode to the SSE
predominates over that of the 8 mode. Therefore, we infer
that the observed anomalies stem from the hybridization of
the @ mode with the phonon. Meanwhile, considering that the
magnon hybridizes with the TA phonon at a smaller wave
vector than the LA phonon because of the slower sound
velocity of the TA phonon, the sole anomalous peak in our
experimental field range can be attributed to the hybridization
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FIG. 4. (a) The positions of the anomalous peaks as a function of
temperature for Pt/GdIG/GGG sample. For T < ~108 K, only one
peak appears. For ~108 K < T' < ~129 K, the anomalies display a
double-peak shape. However, only one peak position can be deter-
mined. For ~129K < T < ~143 K, the positions of both peaks can
be resolved. For T > ~143 K, only one peak is observed and the
other peak is not observable due to the rapid change of the back-
ground signal around the coercivity field. (b) The schematic diagram
of the group velocities of the @-mode magnon and TA phonon as
a function of wave vector at different temperatures of GdIG film.
(c) The schematic diagram of dispersion relations of the «-mode
magnon and TA phonon for 7 > ~108 K. The black, blue, and red
solid curves represent the dispersion curves of the «-mode magnon
when the applied field is 0, H4, and Hp, respectively. (d) Temperature
dependence of the intensity of the anomalous structures.

of the «-mode magnon with the TA phonon rather than the
LA phonon. However, for T} < T < ~210K, the anomalies
that originated from the magnon polarons do not change sign
with the ordinary SSE signal which comes from the bare
magnons, resulting in the reduction of the SSE signal. The
shapes, amplitudes, and positions of the anomalies do not
have abrupt change across 77, suggesting that the anomalies in
this temperature range have the same origin as the anomalies
appearing at low temperature. That is to say, the « mode
still produces the negative SSE signal and the positive SSE
signal comes from another magnon mode. This result further
validates the explanation of the SSE sign change at 7}, which
is that the 8 mode dominates the SSE above T;. For T > ~
210K, the anomalies appear at the field close to the coercivity
field and become unrecognizable due to the rapid change of
the background signal with field.

Figure 4(a) shows the positions of the anomalous peaks as
a function of temperature. Comparing with the Pt/YIG system
reported in Ref. [3], there are two distinct differences. First,
the position of the anomalous peak rapidly shifts to the lower
fields with increasing temperature [Fig. 3(b)], whereas the
shift of the position of the anomalous peak in Pt/YIG is very
small. The anomalies emerge at the fields where the phonon
dispersion is tangential to the magnon dispersion to maximize
the phase space of the magnon-polaron coupling. Since the
phonon dispersion is almost independent of temperature, this
observation reflects that the magnon dispersion varies with

temperature significantly due to the very weak exchange inter-
action between Gd and Fe (~0.16 meV) [27,47]. Second, the
anomalies display a double-peak shape from ~116 K and the
double peaks are clearly separated with an increasing spacing
from ~129 K [Fig. 3(b)]. The strong temperature sensitivity
of the peak splitting reveals that the double peaks in our
Pt/GdIG have a different origin from that in Pt/YIG, where the
double peaks correspond to the tangential intersections of the
magnon dispersion with the TA- and LA-phonon dispersions,
respectively. Similar double-peak structures were observed
in Pt/Nig ¢5Zng 35AlogFe; 204 (NZA ferrite) and attributed to
the intersection of the quantized magnon and phonon disper-
sions. According to this mechanism, two peaks should have
similar line shapes and the relative positions of the two peaks
should remain unchanged with increasing temperature. Our
sample, however, does not show these characteristics, mean-
ing that these mechanisms should be irrelevant to our present
observations in Pt/GdIG.

Our findings can be qualitatively explained by the distor-
tion of the magnon dispersion driven by the thermal excitation
[8]. Both first-principle calculations and model calculations
show that the dispersion of the « mode in GdIG is parabolic
only around the I" point and becomes very weak around the
Brillouin zone boundary [8,27]. As a result, the group ve-
locity, the derivative of the dispersion curve, of the « mode
is nearly zero at both the I' point and the Brillouin zone
boundary, and arrives at a maximum value (vy,) at a certain
intermediate wave vector, as schematically shown in Fig. 4(b).
Below ~60 K, vy, is much smaller than the TA-phonon sound
velocity (vt ), meaning that the tangential intersection cannot
take place at any magnetic field and hence the anomaly is
absent. vy, increases with increasing temperature according
to the calculations [8]. Therefore, when the temperature in-
creases to ~60 K, vy, is close to va. By applying a magnetic
field, the magnon dispersion rigidly shifts to a high frequency
such that the TA phonon could become nearly tangential
to the magnon dispersion at a certain field, leading to the
weakly coupled magnon-phonon. As a result, the single-peak
anomaly appears. With increasing temperature further, the
coupling strength gets stronger by approaching the tangen-
tial situation, leading to the increase of the intensity of the
anomaly, as shown in Fig. 4(d), where the intensity is the ab-
solute value of the integration of the anomalous structure after
subtracting the background (see Supplemental Material [46]).
The strongest coupling strength or intensity of the single-peak
anomaly indicates the achievement of the tangential situation,
Um = vta, Which occurs at T ~ 108 K.

For T > ~108K, the group velocities of the magnon and
TA phonon have two crossing points (A and B) at k4 and kg,
as shown in Fig. 4(c), which means the slopes of the magnon
and phonon dispersions are equal at k4 and kg. As increasing
the field, the magnon dispersion curve shifts upward and must
become tangential to the phonon dispersion at k4 at a certain
field Hy, leading to an appearance of the first peak. With fur-
ther increasing the field, the magnon dispersion curve would
tangentially intersect with the phonon dispersion curve at kg
at a certain field Hp and hence the second peak emerges. The
peak to peak spacing gets larger with increasing temperature
because of the upward shift of the magnon group velocity
curve. Since the coupling strength relies on the overlapped
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volume of the magnon and phonon modes in the momentum-
frequency space, we can estimate the coupling strength by
the difference between the first derivative of the magnon
and phonon group velocities. Given that the first derivative
of the phonon group velocity is zero, the increase of the
first derivative of the magnon group velocity with increasing
temperature [Fig. 4(b)] leads to the reduction of the coupling
strength. Therefore, the intensity of the double-peak anomaly
decreases with increasing temperature. As a consequence, the
total intensity of the peaks arrives at a maximum at the crit-
ical temperature where the double-peak anomalous structure
emerges, as shown in Fig. 4(d). Above ~150 K, we do not
analyze the intensity further because the strong background
signal does not allow us to accurately calculate the intensity
of the anomalous structure.

IV. CONCLUSIONS

In summary, we observe anomalous structures in the field-
dependent SSE measurements from 61.44 to 211.10 K in

Pt/GdIG. The anomalies are attributed to the magnon polaron
mode which is the hybridization of the Gd moment dominated
spin wave and the TA phonon. The position, intensity, and
shape of the anomalies strongly depend on temperature, very
different from the typical magnetic insulator YIG and other
magnetic insulators. A phenomenal model of the increase of
the magnon group velocity with increasing temperature can
qualitatively explain our observation. Our results show that
the magnon polaron SSE promises to provide the information
of the magnon dispersion, which is crucial for the magnonic
applications.
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