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Giant Magnon-Polaron Anomalies in Spin Seebeck Effect
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We report a giant hysteretic spin Seebeck effect (SSE) anomaly with a sign reversal at magnetic fields
much stronger than the coercive field in a (001)-oriented Tb;Fes O, film. The high-field SSE enhancement
reaches 4200% at approximately 105 K over its weak-field value and presents a nonmonotonic dependence
on temperature. The unexpected high-field hysteresis of SSE is found to be associated with a magnetic
transition of double-umbrella spin texture in TbIG. Nearly parallel dispersion curves of magnons and
acoustic phonons around this neoteric transition are supported by theoretical calculations, leading to a high
density of field-tuned magnon polarons and consequently an extraordinarily large SSE. Our study provides
insight into the evolution of magnon dispersions of double-umbrella TbIG and could potentially boost the

efficiency of magnon-polarons SSE devices.
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The spin Seebeck effect (SSE) in systems consisting of
magnetic insulators and heavy metals has attracted signifi-
cant attention since its discovery in 2010 [1,2], due to its
unique potential for applications in spincaloritronic devi-
ces. In magnetic insulators, the spin current flows in the
form of magnons and can be strongly affected by their
interaction with phonons. An anomalous enhancement of
SSE due to the hybridization of magnons and acoustic
phonons was first observed in Y3FesOy, (YIG)/Pt hetero-
structures in the pioneering work by Kikkawa et al. [3]. In
the magnetic field dependence of SSE, the resonant-like
anomalies were ascribed to the maximum density of
magnon polarons (MPs), which are hybrid modes of
magnons and phonons, occurring when their dispersions
tangentially intersect [4—6].

To magnify the MP-induced SSE anomaly, one may
consider promoting magnon-phonon hybridization at the
tangent condition of the dispersions, for instance, by
engineering the magnon/phonon dispersion or choosing
magnetic materials with a larger magnetoelastic constant. A
remarkable enhancement of the SSE anomaly was exper-
imentally demonstrated in rare-earth iron garnets (RelGs)
Lu,BiFe,Ga0;, and GdsFes0;, (GdIG) [7-9], where the
magnon dispersion was manipulated by atomic substitution
and thermal effect, respectively.

Among the family of RelGs, Tb3FesO;, (TbIG) has a
relatively strong anisotropy and a large magnetostriction
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constant due to the nonzero orbital angular momentum of
Tb ions [10-13], which implies a potentially large MP-
induced SSE anomaly in this material. Below the Néel
temperature (Ty), the magnetic moments of Tb** ions
arrange themselves into a collinear ferrimagnetic sublattice,
antiparallel to the resultant iron magnetic moment, as
predicted by the Néel’s theory. However, at lower tempera-
tures, a noncollinear arrangement of Tb’T magnetic
moments is observed, forming two conical structures with
different cone angles, commonly known as the “double
umbrella” magnetic structure [14,15]. The spin texture
manifests itself a complicated evolution under a sweeping
magnetic field and provides a unique opportunity to
discover novel SSE properties, since the changes in
magnetic structure may also affect the magnon dispersion.
In this letter, we proposed a double-umbrella TbIG/Pt
heterostructure and therein observed the giant magnon-
polaron anomalies of SSE.

Figure 1(a) shows the schematic setup for the longi-
tudinal SSE (LSSE) measurement of the TbIG/Pt hetero-
structure. An epitaxial 140-nm-thick TbIG film was
deposited on a (001)-oriented Gd;Sc,Gaz0, (GSGG)
substrate by pulsed laser deposition (PLD). Another
5-nm-thick Pt film was sputtered on the top of TbIG
by magnetron sputtering. The LSSE pattern is fabricated
via 3D Lithography machine (TuoTuo Technology).
An on-chip heater is fabricated to generate a vertical

© 2024 American Physical Society
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FIG. 1. (a) Device schematic for LSSE measurements in the

GSGG(001)/TbIG(140 nm)/Pt(5 nm) sample. (b) Temperature
dependence of the SSC at ugH = 0.5 T. (c) SSC as a function of
magnetic field at typical temperatures.

temperature gradient V7. The open-circuit voltage was
recorded as the SSE signal (Vggg) when an in-plane
magnetic field H is swept along the [100] axis. For
quantitative characterization, the spin Seebeck coefficient
(SSC) is derived from S = [(Vssg/AT)/(L/d)], where d is
the thickness of the GSGG substrate (much larger than that
of the TbIG film), and L is the distance between two
electrodes on the Pt layer. More details about the device
fabrication and temperature gradient calibration are pro-
vided in Supplemental Material, Sec. I [16]. All electrical
and thermal transport measurements were performed using
a Physical Property Measurement System (PPMS).

The SSC as a function of temperature at 0.5 T is
represented in Fig. 1(b). A sign change occurs at the
compensation temperature (7'comp ~ 177 K), which is com-
monly demonstrated in RelGs with magnetic rare-earth
ions (Re**"), such as GdIG [8,19-21]. The lower compen-
sation temperature in our TbIG film, compared to the bulk
value (~250 K), can be attributed to the effects induced by,
for example, the inevitable defects, the strain from the
substrate [20], etc. The decline of the SSC at low tempera-
tures is due to the strong suppression of thermal magnon
excitation [3]. In GdIG/Pt, a second sign change below
Teomp Was observed and attributed to the competition
between magnon branches with opposite polarizations
[8,9,19-21]. However, here in TbIG/Pt bilayer, the second
sign change of SSC does not show up even down to 25 K.
More interestingly, the magnetic field dependence of
the SSC strongly relies on the temperature, as shown in
Fig. 1(c). At 207 and 157 K, the SSC presents a common
step-shaped sign change at the very small coercive field
and saturates to nearly a constant in the high field range.
Very interestingly, for the case of 97.37 K, the SSC
shows an additional sign change around =£2 T, further
followed by an unexpected hysteresis-like anomaly at
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FIG. 2. The SSC as a function of the magnetic field along
(a) [110] and (b) [111] directions, respectively.

approximately +£6 T. The SSC in this anomalous
region is surprisingly magnified even by one order of
magnitude with respect to the weak-field value. Such
behaviors in TbIG/Pt are markedly distinct from previous
observations in other magnetic-based heterostructures,
where the SSC is typically suppressed by the magnetic
field, and only minor MP-SSE anomalies have been
reported [3-5,7-9,22-26]. With further decreasing temper-
ature to 77.84 K, the hysteretic feature is no longer present,
which is likely shifted outside the field range of the PPMS,
while the low field (<5 T) sign change prevails.

These bizarre behaviors at 97.37 K inspired us to explore
the SSE with different magnetic field orientations.
Remarkably, as shown in Fig. 2, the hysteresis behavior
completely vanishes in the same TbIG/Pt sample when the
magnetic field H is applied along the [110] or [111] axis.
Consequently, the significant enhancement of SSC is also
absent, and the magnitude of the SSC is comparable to the
weak-field value of the H || [100] case in Fig. 1(b).

To comprehend the physics behind these intriguing
findings, we realize that the hysteresis-like feature holds
the key to these mysteries. With the knowledge of hyster-
etic magnetization minor loops reported in the bulk TbIG
crystal in comparable magnetic field range of our hyste-
resis-like SSC anomaly when the magnetic field is oriented
along the [100] crystal axis [14,15], we speculate that the
high-field SSE loop in current work might result from the
same magnetic-structure transition. To confirm this con-
jecture, we carried out electrical measurements of longi-
tudinal magnetoresistance (R;) with the three magnetic
field orientations (see Supplemental Material, Sec. III [16]).
A jump of magnetoresistance is also observed only when
the field is swept in the [100] direction, and the appearance
of the magnetoresistance jump is found to be in the same
temperature range and comparable magnetic fields of the
SSE anomaly. Therefore, the high-field behaviors of SSC
and R, strongly suggest that there is an unconventional
spin texture in TbIG, and consequently the magnetic-
structure transition occurs at 97.37 K when the magnetic
field is along the [100] direction. The discrepancy of the
transition magnetic field in SSC and R,, might reflect the
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distinct magnetic properties within the TbIG film and those
at the interface.

Although several theoretical models have been proposed
to interpret the origin of umbrella-type noncollinear mag-
netic configurations in RelGs [27,28], to the best of
our knowledge, characterization of the magnetic transition
as a response to a magnetic field in TbIG remains beyond
the scope of these models. Here, we extend the atomic
|

ds i Y eff _

exchange model based on a realistic garnet lattice geo-
metry by taking into account an effective on-site aniso-
tropy of Tb atoms to reproduce the zero-field double
umbrella, and furthermore, to explain the observed mag-
netic transition at high magnetic fields (several teslas)
around 97 K.

From the atomistic spin dynamics simulations based on
the Landau-Lifshitz-Gilbert (LLG) equation [29,30]

si % (s; x B§"), (1)
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we obtain the evolution of the equilibrium magnetic configurations during the sweeping of the magnetic field along [100]
direction. In Eq. (1), s; is the spin magnetic moment for the i th atom, y = gug/h is the gyromagnetic ratio and «aj is the
damping coefficient. The effective fields B¢ of a(d)-site Fe and c-site Tb sublattices can be expressed as
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More details of our theoretical model, including the site-
dependent anisotropy axes lAcé,cq(d[) and the specific values
of exchange and anisotropy coefficients are presented in
Supplemental Material, Sec. IV [16].

The projection of the total magnetization in a primitive
cell along the field direction is plotted as a function of the
magnetic field strength in Fig. 3(a). As shown, our model
successfully provides the magnetization loop in a magnetic
field range comparable with the reported experimental
results of the M — H relation [14]. Figure 3(b) plots the
magnetic field dependence of the orientation angle of the
net Fe magnetization 0, with respect to the [100] axis (see
inset), which clearly shows a sudden change at each jump.
The simulated magnetic configurations at three typical
cases for upsweeping are plotted in Figs. 3(c)-3(e), from
which we find that the zero-field configuration reported in
Ref. [14] is successfully reproduced by our model, and the
high-field magnetization loop results from the transition of
the ¢} sublattice when its effective anisotropic magnetic
field is overcome by the external field. Notably, our
simulations with a sweeping magnetic field along the
[110] or [111] directions do not show any magnetization
jump (see Supplemental Material, Sec. IV [16]), which is
also consistent with the observations in bulk TbIG [14,15].
Therefore, it is intuitive to expect that the umbrella-like
magnetic sublattice and its aberrant high-field reorientation
could play an essential role in the observed abrupt surge in
SSC as the evolution of the magnetic structure also leads
to a modification in spin dynamics and spin transport
properties.
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FIG. 3. (a) The simulated total magnetization M along the field
direction [100] and (b) the orientation angle 6. of the net
magnetization from antiparallelly aligned a- and d-site Fe ions, as
a function of the sweeping magnetic field in the [100] direction.
(c) Schematic diagram of the zero-field (uyH;) double umbrella
magnetic structure. The magnetic moments of three Tb sub-
lattices, ¢y, ¢,, and ¢3 (¢}, ¢, and ¢}), form a cone magnetic
structure in green (orange) around the [111] axis with 3-fold
rotational symmetry. ¢; and ¢/ are located in the (011) plane. The
net magnetic moment of Fe lies in the [111] direction. (d) and (e)
are schematic diagrams of calculated magnetic configurations at
uoH, = 8.004 and pyHz = 8.006 T for upsweeping, i.e., slightly
before and after the magnetization jump at transition field,
respectively.
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FIG. 4. The magnon spectra of bulk TbIG in the low-frequency
regime (<3.1 THz) for the magnetic configurations at H, — Hj;
in Fig. 3(b). The color scale of the magnon dispersion curves
indicates the projection of the polarization along the magnetic
field. The orange curves represent the dispersion curves of the
longitudinal (LA) and transverse (TA) acoustic phonons with
sound speeds ¢; = 6.08 and ¢, = 3.3 km/s [31], respectively.

To explicitly analyze this effect, we extend the method in
Ref. [9] to the noncollinear magnetic configuration and
calculate the magnon spectra for the three configurations in
Figs. 3(c)-3(e). The results in the low frequency regime are
plotted in Fig. 4, where the color scale of the dispersion
curves indicates the projection of the magnon spin polari-
zation along the magnetic field direction and is evaluated
from P = > Picos ;. Here, P; stands for the angular
moment contributed from the i th spin, and ¢; is the
angle between the equilibrium magnetic moment and the
magnetic field direction (see Supplemental Material,
Sec. IV [16]). The zero-field magnon spectrum in Fig. 4(a)
looks very similar to that in GdIG [9], except for a larger
magnon gap of the lowest (a) branch due to the strong
anisotropy of the Tb atoms and anti-crossing features
between the Fe-dominated f branch and those flat dis-
persionless branches dominated by the Tb sublattices. The
latter originates from the noncollinear magnetic configu-
ration. The large gap of the a branch suppresses the thermal
excitation of this magnon branch and hence restrains its
contribution to the SSE compared to GdIG, which may be
the reason for the absence of the second sign change in the
temperature dependence of the SSE signal below Ty, in
the present case mentioned above.

As the external magnetic field increases, the magnon gap
is reduced and finally vanishes at the transition magnetic
field, as shown in Fig. 4(b). Because the magnon pop-
ulation obeys Bose-Einstein statistics, the SSE contribution
from the a branch is enhanced significantly and dominates
over the contribution from the f branch with opposite
polarization, explaining the low-field (~2 T) sign change at
97.37 K in Fig. 1(c). More interestingly, the dispersion of
the a branch in Fig. 4(b) becomes nearly parallel to the LA
phonon dispersion, illustrated by the orange curves, in a
quite wide momentum space in the low-frequency range.
This suggests that the formation of a large number of MP
states could also benefit the large enhancement of the SSE
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FIG. 5. (a) SSC as a function of magnetic field at different

temperatures around the anomaly region. H -, (indicated by blue
arrow) is the position of the single precursory peak anomaly. H
and H, (indicated separately by yellow and green arrows) are
the transition fields for down-sweeping and up-sweeping, re-
spectively. The temperature dependence of (b) transition fields
and (c) enhancement factor of the anomalies.

signal when the magnetic field approaches to the critical
value H,. In addition, the strong magnon-phonon coupling
due to the large magnetoelastic coefficient in TbIG could
also enlarge the degree of hybridization between phonon
and a-magnon states with a relatively large frequency
difference and hence contribute to the enhancement of
the SSE anomaly around H,. After the magnetic transition,
as shown in Fig. 4(c), the a branch experiences a drastic
uplift, leading to a remarkable reduction in its contribution
to SSE and hence a sharp jump anomaly. The complicated
hybridization features in these magnon spectra make the
direct calculation of SSC rather difficult. Even though, an
estimation based on a simplified magnon spectrum does
support the key features of this qualitative analysis (see the
Supplemental Material, Sec. V [16]). The larger magnitude
observed after the jump, compared to the low field SSC,
may be related to the rotation of Fe spins, which enlarges
the spin projection of the # magnons, reflected by the color
scale in Figs. 4(a) and 4(c). Other contributions to this
enhancement might be the magnon polarons due to the
hybridization of the # magnons and LA phonons or the size
effect in our sub-micron film which are beyond the scope of
our present theoretical model of bulk TbIG.

To explore more explicitly the stimulation and the
evolution of the anomaly, we conduct meticulous mag-
netic-field dependent measurements at various temper-
atures around 97 K and plot a series of typical results in
Fig. 5(a), where the loop clearly moves to higher magnetic
fields as the temperature decreases [see also the temper-
ature dependence of the transition fields in Fig. 5(b)]. In the
meantime, the difference between the transition field for
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down-sweeping (H;) and up-sweeping (H,) becomes
larger. This might be attributed to the larger anisotropy field
of the Tb sublattice, deduced from the larger opening angle
of the umbrella texture at lower temperature [32]. It is worth
noting that, a single precursory peak (H ) is observed at
the temperatures above the formation of the anomaly loop,
where the sublattice spins only experience a smooth
change, instead of a sudden transition, during the field
sweeping [see the results at 112.06 K in Fig. 5(a)]. As
discussed in Supplemental Material, Sec. IV [16], the
absence of the loop at higher temperature is also related
to the closing umbrella structure.

For a quantitative characterization of the SSE enhance-
ment at the anomaly, we plot in Fig. 5(c) the temperature
dependence of the maximal positive (negative) enhance-
ment factor, i.e., the ratio of the maximum (minimum)
value for each SSC curve to S at ypH = 0.5 T at the same
temperature, which shows a nonmonotonic behavior. The
positive enhancement factor increases with decreasing
temperature and reaches a maximum of 42 at ~105 K
while the magnitude of the negative enhancement factor is
found to reach a maximal value of 15 around 97 K. Results
with more temperatures are provided in Supplemental
Material, Sec. VI [16].

In summary, we have observed rich anomalous features
in the magnetic field dependence of SSE measurements in
TbIG/Pt below the compensation temperature, which are
attributed to the field-induced transition of the noncollinear
spin texture and the evolution of the magnon spectrum in
TbIG supported by theoretical modeling with sublattice-
dependent anisotropy of Tb ions. The position and shape of
the anomalies display a pronounced sensitivity and depend-
ence on temperature. The SSC is found to be remarkably
enhanced around the anomaly, with a maximal enhance-
ment factor of 42, which is much larger than reported
values in other magnetic insulators. The reorientation of the
Fe spins, the suppression of the magnon gap and the
formation of magnon polarons around the magnetic tran-
sition are all proposed to contribute to the observed giant
SSE anomaly. Our study demonstrates the potential to
facilitate more efficient thermal spin transport devices by
using the transition of noncollinear spin textures.
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