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Here we report on measurements of the spin-Seebeck effect in GaMnAs over an extended temperature

range alongside the thermal conductivity, specific heat, magnetization, and thermoelectric power. The

amplitude of the spin-Seebeck effect in GaMnAs scales with the thermal conductivity of the GaAs

substrate and the phonon-drag contribution to the thermoelectric power of the GaMnAs, demonstrating

that phonons drive the spin redistribution. A phenomenological model involving phonon-magnon drag

explains the spatial and temperature dependence of the measured spin distribution.
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The spin-Seebeck effect, consisting of a thermally
generated spin redistribution, has been observed in spin-
polarized metals [1], semiconductors [2], and insulators
[3–5]. While the experimental evidence has been repro-
duced by several groups, recent theoretical developments
[6–8] have not been able to explain simultaneously the
combination of the persistence of the effect after the
severance of electrical communication, the positional
dependence, and the temperature dependence [1–3]. Here
we provide a detailed characterization of the temperature
dependence of the spin-Seebeck coefficient (Sxy), magne-

tization (M), and thermoelectric power (thermopower or
�xx) of the ferromagnet, alongside the thermal conductiv-
ity (�) and specific heat (Cp) of the substrate. These

measurements reveal a direct correlation with the ampli-
tude and temperature dependence of the Sxy in multiple

samples from which we conclude that the spin-Seebeck
effect is driven by phonons. A simple phenomenological
model involving phonon-magnon drag (PMD) explains the
general features of the temperature and spatial dependence
of the spin-Seebeck effect in GaMnAs.

The spin-Seebeck effect produces a voltage across a
platinum strip deposited on top of a ferromagnet in re-
sponse to an applied temperature gradient. The sample
geometry is shown in Fig. 1 and is the same as in
Refs. [1–3,9]. Unlike classical transport coefficients, Sxy
is not uniform across a sample but depends spatially on the
position x around the center of the sample, following a
Sxy / sinhðx=�� bÞ relation with a characteristic length

scale � of millimeters, which persists without electrical
communication between ends of the sample. One end of
the sample is heated (x ¼ �L=2), and the other cooled
(x ¼ þL=2), thus creating a longitudinal gradient rTx.
The electric field developed by the Pt strips along the y
direction by spin polarization in GaMnAs is measured. A
spin current traveling (along z) from the ferromagnet into
the Pt is scattered by the inverse spin Hall effect (ISHE)

and generates the electric field EISHE [10]. We measure
EISHE as a voltage Vy across the Pt strips and sweep the

magnetic field (along x) in a hysteretic manner to realize
reversals in direction of EISHE at the coercive field as a
measurable �Vy. We subsequently subtract out residual

voltages and electromotive force pickup from sweeping
magnetic field, thus centering the Vy signal around zero

volts. The linearity of �Vy vs �Tx has been shown else-

where [2] and enables us to define Sxy as half of �Vy

normalized by the width of sample (w) and the distance

between the thermometry (L): Sxy � Ey

rxT
¼ L�Vy

2w�Tx
. The

positional dependence of SxyðxÞ / sinhðx=�� bÞ has

been shown in Ref. [2]; here we concentrate on the
magnitude Sxy on a contact near x ¼ �L=2, where it is

maximal. Given the definitions above, Sxyð�L=2Þ< 0,

SxyðþL=2Þ> 0, and preliminary data on other ferromag-

nets [2,11] show that these signs are material-dependent.
The experimental methods and sample preparation are the
same as in Ref. [2] but in a modified cryostat (thermal
transport option in a Quantum Design physical properties
measurement system) that enables a better heat sinking.
We measure � and �xx by using a classic heater-and-sink
method,Cp by using a quasiadiabatic platform calorimeter,

and M with a SQUID magnetometer. Data were measured
on 10 nm thick Pt strips with<1 nm of Ti for adhesion on
two samples 4� 12 mm2 of 30 nm thick Ga0:842Mn0:158As
(Fig. 2) or 5� 15:5 mm2 100 nm thick Ga0:84Mn0:16As
(Fig. 3) with x aligned along magnetic easy axis ½�110�
grown on 0.5 mm thick semi-insulating GaAs by molecular
beam epitaxy [2,12]. The error in Sxy is estimated by

dividing the rms of the noise on the voltmeter (Keithley
2182A) by�Tx, whereas other error estimates are provided
by the instrumentation software.
In Fig. 2, we show SxyðTÞ, M, and �xx of one GaMnAs

sample (green stars) alongside � of the sample substrate.
Cp is given in the inset in Fig. 2(a), and portions of Sxy and
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� data are fitted to power laws. �xx of another sample from
the same wafer (purple circles) extended to lower tempera-
ture [Fig. 2(c)] illustrates the phonon-drag effect on �xx. �
and Cp are actually the sum of the contributions of both the

GaAs substrate and the 30 nm thick GaMnAs film, but the
phonons in the 0.5 mm thick substrate dominate. M shows
a ferromagnetic behavior with Tc � 135 K. We note four
distinct temperature regimes, separated by vertical dashed
lines, in the spin-Seebeck effect in Fig. 2. (i) Above the
Curie temperature (Tc) of 135 K, the sample is a para-
magnet, and Sxy � 0. (ii) Between 135 and 85 K, both M

and Sxy show an order parameter behavior ðTc � TÞ��. Sxy
increases in magnitude with decreasing T to jSxyj �
0:25 �V=K, demonstrating the dependence on M. � in-
creases with decreasing T but more slowly than eitherM or
Sxy. �xx is proportional to T as expected in a degenerately

doped semiconductor. (iii) Between 85 and 35 K,M varies
more slowly with T. � increases with decreasing T as a T�1

law, characteristic of phonon-phonon umklapp scattering
and then reaches a maximum at 35 K. Sxy follows � closely

up to a peak of �1:05 �V=K at 35 K, and both Sxy and �

peak at the same T. �xx departs from the T1 law, and the
difference forms a peak also slightly below 35 K indicative
of phonon-electron drag (PED). (iv) Below 35 K, there is a

sharp decrease in Sxy with decreasing T following a T3=2

law, with jSxyj reaching �0:4 �V=K at 15 K. This T3=2

behavior is reminiscent of the T dependence of magnon
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FIG. 2 (color online). Thermal properties of one GaMnAs=
GaAs sample versus temperature. (a)M of the GaMnAs and � of
the GaAs substrate. Fit quality: aþ bT3: R2 ¼ 0:98, T�1:
R2 ¼ 0:98, Tc � T��: R2 ¼ 0:99. The inset shows the substrate
Cp. (b) Sxy of the GaMnAs. Fits quality: aþ bT1:5: R2 ¼ 0:95,

aþ bT�1: R2 ¼ 0:92, Tc � T �� : R2 ¼ 0:95. (c) �xx of the
sample (green stars) and of a similar sample (purple dots).
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FIG. 1 (color online). Top schematic shows the experimental
setup (not to scale). (a) Temperature profile of phonons and
magnons. (b) The temperature difference between phonons and
magnons. Cartoon showing the effect of phonon drag on the
magnetic moment Mx in each region. (c) Change in Mx due to
phonon drag across the temperature gradient. (d) Schematic
hysteresis loops representing the transverse voltage detected on
the Pt strips in each region.
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specific heat [13]. Cp of the substrate follows a T3 law

consistent with the Debye model, with a slight excess inCp

appearing at higher T. � also follows a T3 law down to
10 K: This is understood by realizing that the phonon mean
free path� now is a constant, and � ¼ 1=3 Cp v �, where

v is the sound velocity. The PED effect on �xx decreases at
lower T where it diminishes to zero at 0 K.

The above trends are reproduced on a second sample
grown on a higher quality GaAs substrate with �10 times
higher peak � (Fig. 3). The maximum in �ðTÞ is now
lowered to �10–15 K. Sxy now peaks at 10 K instead of

35 K in the previous sample (Fig. 2). As the two different
processed samples are not identical, we refrain from a
direct comparison. We note that the sample in Fig. 2
at 50 K has jSxyj � 0:75 �V=K, which peaks at

�1:05 �V=K at 35 K, while the sample in Fig. 3 at 50 K
jSxyj � 0:2 �V=K, which peaks at�4 �V=K at 10 K. The

magnitude scales roughly with �. The PED peak in �xx is
now prominent with a maximum again at �10–15 K.
This reveals that Sxy scales with � of the substrate as

well as with the intensity of PED in �xx as a function
both of substrate condition and of T.

The observation that Sxy scales with � and PED is

consistent with recent publications invoking PMD as a
mechanism at least contributing to Sxy in the ferromagnetic

insulator Y3Fe5O12 (YIG) [6–8], although Eq. (3) in
Ref. [8] does not fit our Sxy data. First, we review the

mechanism behind the PED contribution to �xx. At higher
T, the classical diffusion thermopower (�xx) is governed
by the Boltzmann equation. In this regime, and for degen-
erately doped semiconductors, �xx / T as observed above

90 K [Fig. 2(c)]. Here electrons and phonons are constantly
being brought back to mutual equilibrium by collisions,
and the rT only slightly perturbs the electron distri-
bution. When electron-phonon interactions dominate, the
PED-�xx adds to the diffusion �xx in the form of a peak at
some T. When enough phonons interact with electrons,
rather than with other phonons or impurities and defects,
they impart momentum to the electrons along rT and
move the electron distribution away from equilibrium,
resulting in an extra PED-�xx that can be orders of magni-
tude larger than the diffusion-�xx. The amplitude of this
effect scales with the ratio between phonon-electron and
phonon-phonon or phonon-defects interaction cross sec-
tions, as well as with the density of phonons available to
interact with the electrons. Therefore, in metals the
PED-�xx peaks at T ¼ Tmax close to the maximum lattice
thermal conductivity. Above Tmax umklapp processes com-
pete with phonon-electron interactions to bring the pho-
nons back to equilibrium, while below Tmax the number of
phonons decreases following the Debye specific heat. The
situation in degenerately doped semiconductors is only
slightly different: As observed in Figs. 2 and 3, the Tmax

of the PED contribution can differ somewhat from that of
the maximum in � because it depends on the size of the
Fermi surface and the number of phonons that can interact
with electrons on that surface. Comparing Figs. 2 and 3
illustrates that the lower the phonon-phonon and phonon-
defect interactions, the higher the relative magnitude of the
PED-�xx.
Generalizing these concepts now to PMD, we offer in

Fig. 1 a qualitative outline of the role of substrate phonons
in the thermally induced spin distribution. At least in
the case of ferromagnetic insulators [6] (comments on
the applicability of this to GaMnAs are given below), the
driving force for PMD is the difference between the tem-
perature of the magnons TMðxÞ in the ferromagnetic film
and that of the phonons TPðxÞ in the substrate and in the
film [Fig. 1(a)]; given the similarities between our obser-
vation of the spin-Seebeck effect in GaMnAs and that in
YIG [3], we assume a similar case to hold here. In the
absence of a gradient, TMðxÞ ¼ TPðxÞ at all x. The drag
force arises only in the presence of a rT, which imparts an
excess momentum to the phonons: TPðxÞ now follows a
linear profile between the hot and the cold ends of the
sample [Fig. 1(a)]. We assume that the temperature baths at
the ends of the sample connect only to the phonons and that
the magnons interact with phonons resulting in a TMðxÞ
profile shown in Fig. 1(a). The difference �TMðxÞ ¼
TPðxÞ � TMðxÞ is calculated to follow a sinhðx=�Þ [13]
law [Fig. 1(b)] and mirrors the observed spatial
dependence of Sxy [2]. Near the center of the sample,

�TMðx� 0Þ ¼ 0; exactly where this happens depends on
the coupling to the reservoirs at the ends of the sample and
can be slightly offset from x ¼ 0. On the hot side of the
sample, �TMðx < 0Þ> 0, PMD tends to heat up the
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FIG. 3 (color online). Thermal properties of a second GaMnAs
sample grown on a substrate with higher �. (a) Sxy and � and

(b) �xx and M as a function of temperature.
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magnons; the reverse holds on the cold side, where pho-
nons cool the magnons: �TMðx > 0Þ< 0.

Magnons in GaMnAs are perturbations of the ferromag-
netic spins residing around Mn ions. The moments fill
precession cones (Fig. 1), and the average moment
MxðT;HxÞ is their projection along x. The zeroth order
effect of the rT on these moments is via the T dependence
of Mx½TMðxÞ� as seen in Fig. 2(a). On the hot side, phonon
drag heats up the magnons above thermal equilibrium,
thus decreasing the Mx by a quantity �Mxðx < 0Þ< 0
[Fig. 1(c)]. On the cold side of the sample, PMD cools
magnons, increasing Mx by �Mxðx > 0Þ> 0. Thus
�MxðxÞ � �TMðxÞ � sinhðx=�Þ. The dependence of �Mx

on substrate � and on T is a function of the intensity of the
PMD. As with PED, �Mx will therefore depend on the
density of dragging phonons and on the ratio of phonon-
magnon to phonon-phonon and phonon-impurity interac-
tion cross sections. This is consistent with the observation
that SxyðTÞ � �ðTÞ for T above the maximum in � for both

samples (Figs. 2 and 3). At T < 35 K in Fig. 2, where Sxy
and � have a maximum, the magnon Cp scales with T3=2,

rather than the T3 for the phonons, again consistent
with the observed slope of Sxy (T < 35 K) [Fig. 2(b)].

Similar behavior is observed in Fig. 3, where the maximum
now appears at a lower T of 15 K.

Last, we consider the effect of �MxðxÞ on the distribu-
tion of spin-polarized electrons. In GaMnAs, the charge
carriers are highly spin-polarized (85%) holes [14]. The
fact that a true zero (not an offset) is measured [2] for
Sxyðx� 0Þ indicates that spin-polarized holes are not sim-

ply thermally diffusing into Pt, since otherwise we would
measure a signal even near x ¼ 0 due to the inherent spin
polarization of GaMnAs. Perhaps the nonequilibrium spin
distribution (Fig. 1) is maintained by a continuous transfer
of angular momentum to magnons requiring, by conserva-
tion, a flow of angular momentum in the form of a balanc-
ing spin current that generates a voltage due to ISHE either
in the Pt transducers or in the GaMnAs layer itself (Fig. 5
of Ref. [2]). This behavior would be consistent with the
model proposed in Refs. [6,15], where the thermal pertur-
bation of magnons leads to spin pumping in the Pt layers.

Reverting to the applicability of the model of
Refs. [6,13] to GaMnAs, where the spin diffusion length
is many orders of magnitude shorter than in YIG, one can
point out that the spin diffusion length and PMD are

related. When the magnon-phonon coupling is weak, as
in YIG, jTM � TPj is large, but the PMD coupling small.
Conversely, in GaMnAs, one expects jTM � TPj to be
much smaller than in YIG, but the coupling to be much
stronger, so that Sxy in metals, semiconductors, and insu-

lators ends up similar to within a few orders of magnitude.
The thermodynamic coupling of spins and phonons

opens opportunities for fundamentally new spin-caloric
concepts, either in reversible thermodynamics or in trans-
port. This may lead to phonon engineering of spin-based
devices, where heat transfer can be integrated with mag-
netic functionality and may result in fundamentally new
applications, like spin-based cooling, or magnetically sen-
sitive thermoelectrics and bolometers.
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