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The spin Seebeck effect (SSE) is a phenomenon where a spin current is generated from thermal excitations
in magnetic materials. It is believed that magnetic long-range order (LRO) is not required for SSE, while short-
ranged order (SRO) plays an important role. However, a definitive experimental demonstration of the connection
between the SSE and SRO has been missing. Here we show that the SSE is able to probe a specific SRO in
a model geometrically frustrated magnet Gd3;GasO1, (GGG). A field-induced SRO in GGG is detected by the
SSE in the temperature range 2 - 5 K, where it was previously immeasurable. The origin of the SRO is verified
by comparing the SSE data directly to existing neutron scattering measurements at much lower temperatures (7'
< 0.9 K), where field-induced LRO exists. Our theoretical calculations of the magnetic structure further confirm
the anisotropic field-dependence of the SRO in GGG. These findings establish that the SSE can serve as an
effective probe of SRO in geometrically frustrated magnets.

INTRODUCTION

Pure spin currents carried by magnetic excitations are of
fundamental interest and may be used to transmit and store
information!. One method of generating a pure spin current is
through the spin Seebeck effect (SSE), where a thermal gradi-
ent drives a current of magnons. Spin currents have been gen-
erated in this way using both ferromagnetic (FM)? and antifer-
romagnetic (AFM)>* magnons. It has been shown that even
for correlated paramagnetic insulators, a spin current may be
generated via the SSE or paramagnetic spin pumping>~’. It
is presumed that this is due to short lived magnons (param-
agnons) arising as a result of short-range correlations between
spins>8-11,

Current understanding of the SSE in magnetic insulators
is based on the diffusion of thermally excited magnons'>1.
Such a mechanism is supported by recent experiments study-
ing the length scale, temperature and magnetic field depen-
dencies of SSE in ferrimagnetic insulator Yttrium Iron Gar-
net (YIG)'%-18. Diffusive magnons have a finite lifetime and
diffusion length. The fact that the SSE can be measured
in nanometer thickness YIG films and on picosecond time
scales'? suggests that the SSE is sensitive to magnons in very
small volumes or with very short lifetimes. These properties
of SSE suggest that it may be used as a sensitive probe of
magnetic short-range order (SRO). In fact, evidence for this
has been mounting in the spintronics community>?°, though
no explicit demonstration of the relationship between the SSE
and SRO has been reported.

In this paper, we explore the link between the SSE and SRO
by performing the experiment on a canonical geometrically
frustrated magnet gadolinium gallium garnet (GdzGas0Os,
GGG), which is also believed to be a classical spin liquid?!=23.
One of the distinguishing features of geometrically frustrated
magnets is that at temperatures well below the scale set by
the exchange interactions (Ocw = - 2.3 K in GGG), the spins
become strongly correlated but there is an absence of LRO.
In this regime, SRO is assumed to play an important role.
In our measurements on GGG, we find significant magnetic-
field-induced modulations in the spin current generated by the
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FIG. 1. GGG hyperkagome lattice and schematics of the SSE de-
vice. (a) [llustration of geometrical frustration of antiferromagneti-
cally coupled spins on a triangular lattice. Kagome lattice is a real-
ization of such frustration in two dimensional space. When extended
to three dimensions, corner-sharing triangles form the hyperkagome
lattice. For GGG, the two interpenetrating corner-sharing triangular
sublattices are shown in purple and orange, respectively. (b) Device
design of an on-chip heated SSE device. Upper left panel shows the
vertical structure of the fabricated device. A cross-sectional view of
the simulated temperature profile in GGG is shown in the bottom
panel.

SSE in the temperature range 2 - 5 K, close to |6cw|. Fur-
thermore, we find that these modulations follow the field de-
pendence of a particular antiferromagnetic peak measured by
neutron diffraction at much lower temperatures, where LRO
is observed. This finding represents an explicit demonstra-
tion of the connection between the SSE and SRO. Importantly,
neutron scattering measurements cannot resolve the magnetic-
field-induced SRO at temperatures of 7 = 1.3 K and above,
suggesting that the SSE is a very sensitive probe of SRO. Ad-
ditionally, at higher fields up to 90 kOe, our SSE measure-
ments show extra structure, hinting at the existence of further



field-induced spin dynamics that have not been explored by
other experimental techniques.

As shown in Fig. 1(a), the Gd sites in GGG form
a hyperkagome lattice, a three-dimensional kagome lattice
consisting of two interpenetrating corner-sharing triangular
sublattices?*>>. The exchange interaction between nearest-
neighbor Gd** ions are antiferromagnetic. Owing to geomet-
rical frustration, GGG hosts a rich magnetic phase diagram
at low temperatures (T < 1 K)>. At zero magnetic field,
there is no magnetic LRO in GGG down to 25 mK, far below
|6cw| = 2.3 K&?42627 Tt has been shown that many funda-
mentally interesting phases arise within GGG, including spin
liquid states>*, protected spin clusters®® and a hidden multi-
polar order®*.
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FIG. 2. SSE measurement results and modulations in the SSE re-
sponse. (a) SSE measurement results at temperatures below 5 K with
magnetic field applied along [100] crystal axis. (b) Derivative of SSE
voltage with respect to magnetic field (dV /dH) showing extra field-
dependent modulations in the SSE signal. (c), (d) Modulations in the
SSE voltage plotted directly in the field range - 35 kOe < H < 35
kOe after subtracting a linear background from the SSE signal at T’
=2 Kand 3 K, respectively.

In our experiments, we perform SSE measurements on
GGG in the temperature regime (2 - 5 K) where effects due to
geometric frustration become stronger as we approach |Ocy|.
SSE devices were patterned onto GGG single crystals with
polished surface along (111) or (001). Platinum (Pt) was used
as spin detector material. Local heating was achieved by pass-
ing an electric current through a gold heater wire, electrically
isolated from the spin detector layer by a thin MgO layer.
The typical heater power used in our experiment is 0.16 mW,
which raises the temperature near the surface of GGG. Using
the resistance of the Pt wire for thermometry and the thermal
conductivity values of GGG at low temperatures®, we esti-
mate that the increase in surface temperature is A7 ~ 0.2 K
at T =2 K. The resulting temperature gradient is perpendicu-
lar to the sample plane, which drives spin excitations from the
GGG into the Pt detector, where a voltage develops as a result

of the inverse spin Hall effect ISHE). Figure 1(b) depicts the
structure of the fabricated SSE device. Using these devices,
our measurement results agree with the original SSE experi-
ments on GGG® which were carried out at higher temperatures
(T > 5 K), well outside of the spin liquid regime (T ~ |6cw]|).
Shown in Fig. 2(a) are the SSE signals measured at different
temperatures with the magnetic field applied along [100] crys-
tal axis. The initial rise of SSE response with magnetic field is
due to the increase of magnetization of GGG until almost sat-
uration. However, we observe an appreciable downturn in the
SSE response at lower temperatures in the high field range, as
can be seen in the 7 = 2 K data. This downturn is presum-
ably caused by the opening of a Zeeman gap in the magnon
spectrum’?, similar to the observation in ferrimagnetic insula-
tor YIG?,

As described above, GGG is not simply a paramagnet. It
possesses strong geometric frustration due to antiferromag-
netic and dipolar interactions on the hyperkagome lattice. If
one considers only the nearest-neighbor antiferromagnetic ex-
change interaction J, it has been shown that for a hyperk-
agome lattice a magnetic field with energy scale equal to 6
J or about 17 kOe is required to align the spins in GGG even
at T =0 K**. Our SSE experiment reflects this effect such
that the maximum signal (around magnetization saturation)
occurs at fields much higher than the value inferred by a Bril-
louin function for a non-interacting paramagnet at the same
temperature’®. We note that (as will be discussed later) be-
cause of the large dipolar interactions, the magnetic moments
in GGG are in fact not fully aligned even at fields beyond 17
kOe.

Upon closer examination, the SSE signals shown in Fig.
2(a) are found not to be smooth functions of magnetic field,
but contain considerable field-dependent modulations on top
of the S-shaped curve, which can be seen clearly in the deriva-
tive of the SSE signal with respect to magnetic field as shown
in Fig. 2(b). In calculating the derivatives, the raw data in Fig.
2(a) was smoothened using cubic B-spline method. From Fig.
2(b), we see that the magnitude of the modulation increases
as temperature is lowered, and the modulations persist to high
magnetic fields up to 90 kOe. In order to get direct infor-
mation on the magnitude of the spin current modulation, we
subtract a linear background in the field range - 35 kOe < H <
35 kOe from the SSE signal (dashed line in Fig. 2(a)*®). The
results are shown in Figs. 2(c) and (d), for T =2 K and 3
K, respectively. When the same experiment is performed on a
single crystal YIG sample in the same temperature and mag-
netic field range, the modulations are absent’®. We also rule
out the possibility of magnetic-field-induced thermal conduc-
tivity or heat capacity changes as a possible source for this
effect by independently measuring these quantities as a func-
tion of applied magnetic field*.

Previously, neutron scattering studies on GGG found that
short-range correlations persists to relatively high tempera-
tures (T ~ 3 K, which is in our measurement range)’*3>.
However, little is known about their behavior in a magnetic
field. For instance, are there magnetic-field-induced SROs
arising in this temperature range, similar to the LROs ob-
served at much lower temperatures? If so, the dynamics of
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FIG. 3. Anisotropic behavior of the modulation in SSE response.
(a) SSE signals measured with magnetic field applied along different
directions in the (001) plane, with ¢ = 0° being along [100] crys-
tal axis. (b) Magnitude of slope of the linear part of the SSE signal
satisfies cosine angular dependence. Inset shows the corresponding
measurement geometry. H is the applied in-plane magnetic field. (c)
to (f) Modulations in SSE voltage from 7' = 2 to 5 K. Data in red
and blue corresponds to field applied along [100] and [110] direc-
tions, respectively. Notice that the modulation in SSE signal can be
resolved at temperatures up to 5 K. In these measurement, the SSE
devices were fabricated on the (001) surface of GGG single crystals.

thermally excited magnons will depend on these short-range
correlations, which in turn can influence the SSE signal. It
was also observed in neutron scattering and bulk magnetom-
etry measurements that the field-induced magnetic orderings
in GGG have distinct anisotropies. For instance, the critical
field at which an AFM phase emerges?>-%37 depends on the
direction of the field relative to the GGG crystal axis, being
different for field aligned along [100] versus along [110] crys-
tal axis®>>38. Such anisotropy is presumably caused by dipolar
interactions among Gd ions>®. The Gd** ion in GGG carries
a relatively large magnetic moment of 7 up leading to dipolar
interactions with an energy scale comparable to the nearest-
neighbor exchange interaction.

To find out whether the modulation in the SSE is a probe of
field-induced magnetic orderings, we performed the SSE mea-
surements with magnetic field applied along several different
GGG crystal axes. The measured SSE signals from the same
device are shown in Fig. 3(a), with O and 45 degree corre-
sponding to [100] and [110] crystal axes, respectively. Figure
3(b) shows the overall magnitude of the SSE signal, repre-
sented by the slope of the linear background at low fields, as
a function of the in-plane angle of the magnetic field. The
data is fit well by a cosine function which is expected from
the geometry of the ISHE, and implies that the linear back-
ground is isotropic in magnetic properties with respect to the
direction of magnetic field. In Fig. 3(c) - (f), the modulations
in the SSE signal are presented for temperatures from 2 to 5

K. In these plots, red and blue data corresponds to field ap-
plied along [100] and [110] GGG crystal axes, respectively.
For clarity, only data for the positive field range is shown.
The magnitude of these modulations becomes smaller as tem-
perature increases. At each temperature, the magnetic-field
dependences of the modulation are clearly different between
the two field orientations. For instance, in Fig. 3(c), when
the field is applied along [100] direction, the modulation ini-
tially decreases with magnetic field and reaches a minimum at
H ~ 8 kOe, while the minimum for field parallel to [110] di-
rection occurs at H ~ 17 kOe. This same trend is observed at
higher temperatures up to 5 K. At 7 =2 K, however, there is a
second minimum at higher field H ~ 24.5 kOe for field along
[100] direction, which is suppressed at 7' > 3 K suggesting
that this may correspond to a different order parameter than
the other modulations occurring at lower fields.

Magnetic ordering in GGG has been extensively studied
over the last two decades. We present a summary of these
results in the Supplementary Table®’. Upon application of a
magnetic field there are FM, AFM and incommensurate AFM
phases that emerge in GGG. Most of the AFM orderings, in-
cluding all incommensurate ones, have a strong temperature
dependence, and they are suppressed at 7 > 400 mK2>. How-
ever, of particular interest is the [002] AFM order, whose in-
tensity is observable up to 900 mK3%37, above which there
is no published experimental data. Supplemental Material
shows neutron scattering measurements at 7 = 1.3 K39, where
no scattering peak of the [002] AFM order can be resolved
from the broad diffuse background. In Fig. 4, we present a di-
rect comparison between the modulation is SSE response at T’
=3 K and the intensity of magnetic ordering measured by neu-
tron diffraction at 7 < 0.25 K. Shown in Fig. 4(a) (purple data
points, reproduced from Ref.3¢) are the integrated intensity
of the [002] AFM peak measured by neutron diffraction as a
function of magnetic field for H || [100]. We see that the maxi-
mum position of the neutron scattering data matches the field,
indicated by the vertical dashed line, where the modulation in
SSE voltage shows a minimum. Crucially, for A || [110] the
[002] AFM order from neutron diffraction reaches its maxi-
mum at H ~ 16.7 kOe as shown in Fig. 4(b) (reproduced from
Ref.37) which is also in good agreement with corresponding
minimum in SSE measurements. Additionally, a small inflec-
tion in the SSE data for H || [110] can be seen at H ~ 7.7 kOe,
that is also present in the neutron diffraction result. Over the
entire temperature range available, the peak positions in neu-
tron scattering data and the minima of our SSE modulations
show little temperature dependence. Any remaining discrep-
ancies may be due to non-uniform crystal shape in the neutron
scattering experiments where the demagnetization field is not
considered. These comparisons provide strong evidence that
the modulation observed in the SSE measurement is a direct
probe of the [002] AFM order. Since the temperatures used in
our SSE measurement are much higher than that for the dis-
appearance of LRO peaks as measured in neutron scattering
experiments?>3?, the detected magnetic ordering by the SSE
is short range in character. Importantly, as shown in Fig. 4(f),
the SSE can detect the SRO at temperatures up to 5 K, much
higher than that for neutron scattering measurements.
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FIG. 4. Comparison between the SSE response and intensity of the
[002] AFM order, and theoretical calculation of the spin configura-
tions. (a) and (b) Magnetic field dependencies of the modulation in
SSE signal and the intensity of [002] AFM order measured by neu-
tron diffraction with corresponding fields applied along [100] and
[110] crystal axes, respectively. Vertical dashed lines in both (a) and
(b) indicate the same peak positions in the SSE data and neutron
diffraction results. (c) and (d) Calculated spin configurations in one
GGG primitive cell at an applied field H = 17 kOe aligned along
[100] and [110] crystal axes, respectively. The magnetic field points
out of the page, and the spin orientation of Gd>* ions is represented
by a small arrow at each Gd site. Notice that most spins are canted
away from the applied field. In (c) the net spin components in hor-
izontal direction are zero, while the total horizontal components in
(d), indicated by large arrows on the right, form an alternating AFM
pattern with [002] wavevector.

The robustness of the [002] AFM order observed in our
SSE measurement is striking. In order to understand its na-
ture and its anisotropic response to magnetic fields, we have
computed the spin order in GGG in the presence of a magnetic
field using a Hamiltonian including exchange (J) and dipolar
(D) interactions:

H=Y JiqSja-Sip —guBHZSj.a
ja

jolpB
S:-Sia—3(Si-Fi1a)(Sia - Fr (1)
iy e 18— 3( ja Ficp)(Sip ";alﬁ)),
jolp Yioup

where vectors S represent the spins at each Gd site with in-

dices j, [ identifying the unit cell, and ¢, f indicating the
twelve Gd ions in the primitive cell, respectively. The sec-
ond term in the Hamiltonian comes from the applied mag-
netic field H, with g and up being the g-factor of Gd ions and
Bohr magneton, respectively. The vectors 7 denote unit vec-
tors along the direction from site jo to site [3. Detailed expla-
nations of the interaction strengths and calculation procedure
are presented in the Supplementary Note®°. An example of the
calculated spin configurations are shown in Fig. 4(c) and (d),
with H = 17 kOe applied along [100] and [110] GGG crystal
axes, respectively. In each graph, the perspective is chosen
such that the magnetic field points out of the page. In both
cases, spins at most of the Gd sites are canted away (show-
ing transverse components) from the applied field as a result
of the exchange and dipolar interactions. At H ~ 17 kOe,
the modulation in SSE signal is almost zero for field along
[100] (Fig. 4(a)), while its magnitude becomes largest for field
along [110] (Fig. 4(b)). Correspondingly, our calculation of
the spin configuration shows that the spin orderings are dif-
ferent between the two cases. For field along [110], we find
that the canting of spins leads to a net magnetization within
each layer (Fig. 4(d)), with AFM ordering between layers at
the [002] wavevector, as is also observed in neutron scatter-
ing measurement. In contrast, when the same field is applied
along [100] (Fig. 4(c)), no AFM order develops - consistent
with measurements.

In general, the SSE is associated with two effects, the mag-
netization carried by thermally excited magnons and their dif-
fusivity. According to our calculation, the total magnetization
of GGG at H = 17 kOe, taking into account the canting of
spins, is very similar for the two field directions. This sug-
gests that the large isotropic ‘background’ SSE signal origi-
nates from excitations derived from the total magnetization. In
contrast, the pattern of the canting of spins is anisotropic with
the direction of the field. This suggests that the modulation in
SSE signal (decrease in voltage) could be due to the decrease
in number of magnons excited, since the AFM ordering may
lead to a gap in the spin-wave excitation spectrum*® or due
to reduced diffusivity arising from changes in the spin-wave
dispersion due to AFM ordering. Furthermore we show that
there are modulations in the SSE response at higher fields up
to 90 kOe (more clearly seen at 7 =2 K in Fig. 2(b)). We have
not found a correspondence between those high-field modula-
tions and existing neutron scattering measurements. Part of
the reasons is that currently there are very few neutron scat-
tering studies on GGG beyond 35 kOe. Those high-field mod-
ulations revealed by the SSE may point to new spin dynamics
or changes in the short-ranged magnon spectra within the ma-
terial that are unique to geometrically frustrated magnets.

In conclusion, we have demonstrated that the spin Seebeck
effect, in addition to serving as a generator of spin current
for spintronics applications, can also be used as a new tech-
nique to probe magnetic short-range order in geometrically
frustrated magnets. We find a definitive relationship between
features in our SSE measurements and magnetic SRO, that
were till now not evident. For gadolinium gallium garnet,
our SSE measurements and comparisons to neutron scattering
have revealed a specific field-induced AFM order from which



the SRO detected by SSE is derived. The SSE signal from this
SRO persists to temperatures up to 5 K, approximately five
times higher than the temperature (< 0.9 K) at which neutron
scattering can resolve a magnetic peak for this ordering. Fur-
thermore, at higher magnetic fields, up to 90 kOe, our SSE
measurements reveal additional structures, pointing to new
spin dynamics in GGG that have not been explored by ex-
isting experimental techniques. This new approach, where we

use the SSE to probe magnetic structures in the absence of
long-range order, opens the door to exploring frustrated quan-
tum magnetic systems, including samples with limited volume
such as exfoliated materials and thin films. This would allow
us to probe collective excitations that are only short-ranged in
nature, and thus largely hidden to the community, and serve
as a guide for comprehensive neutron or x-ray scattering ex-
periments.

These authors contributed equally to this work.
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