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Thermally generated spin signals are observed in a nondegenerate Si spin valve. The spin-dependent
Seebeck effect is used for thermal spin-signal generation. A thermal gradient of about 200 mK at the
interface of Fe and Si enables the generation of a spin voltage of 8 μV at room temperature. A simple
expansion of the conventional spin-drift-diffusion model that takes into account the spin-dependent
Seebeck effect shows that semiconductor materials are more promising for thermal spin-signal generation
comparing than metallic materials, and thus enable efficient heat recycling in semiconductor spin devices.
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I. INTRODUCTION

Spin caloritronics, which combines spintronics and
thermoelectricity [1], is a new field of spintronics that is
attracting great attention. In spintronics, spin currents, such
as pure spin currents and spin-polarized currents, are used
to propagate information. While spin currents have been
generated electrically and dynamically in a wide variety of
materials [2–10], the utilization of heat currents to generate
spin currents is a new method that has spawned the field of
spin caloritronics [11–19]. The coupling of spin current and
heat current leads novel physical phenomena, with a
number of attractive caloritronic effects such as the spin-
Seebeck effect [13,14], the spin-dependent Seebeck
effect [15], and the spin-Peltier effect [11,16]. However,
such spin-caloritronic effects have been limited to metals
[15,16,18,19] and magnetic insulators [14]; the methodol-
ogy has not yet been widely extended to semiconductors.
One noteworthy example of a spin-caloritronic effect in
semiconductor is the Seebeck spin tunneling [20], where
the controversial three-terminal method (only one ferro-
magnetic electrode is used to observe the Hanle-like
signals) [21] was used and thermal spin accumulation
(not spin transport) was claimed. However, the reliability
of the three-terminal method has been under strong
debate [22–29]. Thus, it is worth realizing spin transport
in semiconductors by using spin-caloritronic effects.
Because the spin-Seebeck effect is manifested only in a
ferrimagnetic insulator, the spin-dependent Seebeck effect
is a strong candidate for achieving thermally induced spin
injection and transport in semiconductors.

In the present study, we achieve a spin-caloritronic
effect, namely, thermal spin-signal generation in nonde-
generate Si, the most common material in semiconductor
electronics, by utilizing the spin-dependent Seebeck effect.
The thermal gradient generated by electric current injec-
tion, at the interface between a ferromagnetic electrode
and a nondegenerate Si spin channel, enables the gener-
ation of a spin current in the Si. A simple expansion of the
conventional spin-drift-diffusion model that takes into
account the spin-dependent Seebeck contribution shows
that, under the same thermal gradient, a semiconductor is
likely to generate larger thermal spin signals than a metal.

II. EXPERIMENTS

Anondegenerate phosphorus (P)-doped (n≈2×1018 cm−3)
silicon spin valve is fabricated on a silicon-on-insulator
(SOI) substrate with the structure of Sið100 nmÞ=
SiO2ð200 nmÞ=bulk Si [see Fig. 1(a)], which is the same
as the structure of a spin MOSFET. The conductivity of the
Si channel is measured by using a four-probe method. The
upper Si layer is P doped by ion implantation. Ferromagnetic
tunnel junctions are formed on silicon with a higher doping
level (nþ-Si; t ¼ 20 nm; n ≈ 5 × 1019 cm−3) by using an
0.8-nm-thick MgO tunnel barrier and 17-nm-thick Fe thin
film. After the native oxide layer on the Si channel is
removed using an HF solution, Pdð3 nmÞ=Feð13 nmÞ=
MgOð0.8 nmÞ is grown on the etched surface by molecular
beam epitaxy. The role of the MgO tunneling barrier is to
avoid the conductance mismatch problem, which becomes
obvious also in thermal spin injection into semiconductors
(discussed later, but already pointed out in Ref. [15]), in
addition to in electric spin injection [30], and the barrier is
indispensable in this experiment. Nonlinearity in a current-
voltage (I-V) curve appears due to the MgO barrier, and an
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alternative approach for an investigation of physics in the
thermal spin injection into semiconductors is established.
The establishment of the approach is also significant to solve
a problem of nonlinear bias voltage dependence of a spin
signal appearing in most of spin devices, which is also
discussed later. We etched out Pdð3 nmÞ=Feð3 nmÞ layers,
and Ta (3 nm) is grown on the remaining Fe. The two
contacts are 0.5 × 21 μm2 and 2 × 21 μm2, respectively.
The Si channel surface and sidewalls at the ferromagnetic
contacts are buried under SiO2. The nonmagnetic electrodes
(21 × 21 μm2) are made of Al and produced by ion
milling. The center-to-center distance between the ferro-
magnet (FM) electrodes L is set to 1.75 μm. The spin-valve
characteristics are determined by using a probing station
(Janis Research Company Inc., ST-500), a source meter
(Keithley Instruments, 2400 and 2401), and a digital multi-
meter (Keithley Instruments, 2010). Thermal spin signals
are detected through an ac lock-in technique, in which the ac
frequency is applied using a LI5655 lock-in amplifier (NF
Corporation). All measurements are performed at RT.
To detect thermal and electrical spin signals in Si, we

use an electrical local three-terminal-magnetoresistance
(3T-MR) method [32,33]. It is worth noting that this
method is different from the controversial three-terminal
method [21]. We use two ferromagnetic electrodes and
measure the magnetoresistance in addition to Hanle-type

spin-precession signals, which provide strong evidence for
successful spin injection and transport in Si [32,33]. The
other advantage of the present method is that, owing to spin
drift, it yields larger spin signals than the nonlocal four-
terminal method, where only spin diffusion contributes to
spin transport [33].
Because the thermal spin signal due to the spin-

dependent Seebeck effect scales with the Joule heating,
we use an ac lock-in technique to measure the thermally
induced signals, as was already established in the previous
study [15]. The ac frequency is set to 17 Hz to avoid un-
necessary thermal contribution to the experiment [15,17]. In
fact, the previous study [17] used the similar experimental
condition (f < 20 Hz). Such low frequency does not affect
the spin relaxation time because the time scales are largely
different. The total output voltage due to spin accumulation
(electrically and thermally), Vdetect, as a function of the
injected current I is given by Vdetect ¼ R1I þ R2I2 þ � � �,
whereR1 andR2 are parameters pertaining to the electrically
generated spin signal and the thermal spin signal, respec-
tively. We measure the second-harmonic termR2I2 linked to
the thermal spin signal by using the ac lock-in technique. A
precise estimation of thermal spin-signal components may
not be possible using the ac lock-in measurement scheme
owing to a number of factors The MgO tunneling barrier
induces nonlinearity in I-V characteristics, which generates
spurious components in the second-harmonic signals. The
nonlinear bias dependence of spin signals [34] also contrib-
utes to the generation of spurious second-harmonic signals in
the ac lock-in technique. However, as described below,
particular attention is paid to eliminate these spurious effects
in our study.

III. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show the measurement setup and
the thermally induced magnetoresistance observed in non-
degenerate Si, respectively. The dc and ac bias voltages are
set to 3.0 and 1.0 V root-mean-square (rms), respectively.
As can be seen in Fig. 2(b), a second-harmonic voltage,
R2I2, of 19 μV is measured, including the thermal spin
signal and the spurious signals, described in the previous
section. On the basis of Fourier transformation analysis
using the I-V curve and the bias dependence of electric spin
signals, which is described later, the contribution of the
spurious effects is estimated to be 10.7 μV for an ac
injection bias of 1.0 V. Figure 2(c) shows the thermal spin
signals as a function of the square of the ac electric current
after removal of spurious signals. As predicted by theory,
our experimental results exhibit clear I2 dependence. This
provides evidence that the second-harmonic voltage can be
attributed to the thermal gradient at the interface of Fe and
Si via MgO.
In order to estimate the thermal gradient in our device, a

model is constructed by combining the conventional spin
drift-diffusion model and the spin-dependent Seebeck

FIG. 1. (a) Nondegenerate (n ≈ 2 × 1018 cm−3) Si spin valves
are fabricated on a silicon-on-insulator (SOI) substrate. The
ferromagnetic tunnel junctions are formed on nþ-Si (20-nm
thick with a doping concentration of 5 × 1019 cm−3) using an
MgO tunnel barrier (0.8-nm thick) and 17-nm-thick Fe thin film.
After nanofabrication of the two ferromagnetic electrodes, the
center-to-center length L is 1.75 μm. (b) A schematic illustration
of our device to calculate the magnitude of thermal spin signals.
In this model, the device is divided in five regions: the red and
black regions are ferromagnetic (FM) and nonmagnetic (NM),
respectively. An electric current flows from FM1 to FM2, i.e.,
spins are injected from FM2. We adopt an open-circuit condition
for the calculation. For more detail, see Sec. A of the Supple-
mental Material in Ref. [31].
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effects. Since a bias electric field is applied to the Si spin
channel, the upstream and downstream spin-transport length
scales (λu and λd) are used instead of the spin-diffusion
length of Si (λN), where λuðdÞ ¼ ½þð−ÞðjeEj=2kBTÞþffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðeE=2kBTÞ2 þ ð1=λNÞ2

p
�−1 (E is the electric field in the

spin channel, and kB is the Boltzmann constant) [31].

Furthermore, terms due to the spin-dependent Seebeck effect
are included in the description of up- and down-spin currents:
js ¼ −σs½ð∂Vs=∂zÞ þ Ss∇T�, (s ¼ ↑;↓) [15], where js is
the spin current, σs is the conductivity, z is a position
coordinate, Vs is the spin-dependent voltage [Vs ¼ μs=e,
e < 0; e (<0) is the electric charge and μs is the electro-
chemical potential], S↑ and S↓ are the Seebeck coefficient of
up and down spins of Fe, respectively, and T is the temper-
ature. This model takes into account the following: (i) the
device structure with a contribution from the spin-dependent
interface tunnel resistance due to the MgO (the thickness of
the MgO is neglected), (ii) the back flow of the spin current
from FM2, and (iii) the spin-drift effect due to electrical
current injection into Si (see also Ref. [33]). Figure 1(b)
shows positional coordinates, along with a schematic of the
device structure [ferromagnet 1 (FM1); nonmagnet (NM);
ferromagnet 2 (FM2)] under the 3T-MR measurement
scheme used in the modeling. The electric current flows
from FM1 to FM2; i.e., spins (electrons) are injected from
FM2. The spin-dependent voltages and spin currents for the
up and down spins in FM1 and FM2 under the parallel
magnetization configuration and the assumption that the
thermal gradient exists only at z ¼ L (the spin and the charge
injector side) are described as

V1;↑ð↓Þ ¼ − je
σF

zþ ð−ÞV−
1

σ↓ð↑Þ1
σF

exp

�
z
λF

�
þD;

j1;↑ð↓Þ ¼
σ↑ð↓Þ1
σF

je − ðþÞV
−
1

RF
exp

�
z
λF

�
− σ↑ð↓Þ1S↑ð↓Þ1∇T0;

ðFM; region 1Þ ð1Þ

V3;↑ð↓Þ ¼ − je
σF

ðz − LÞ − je
σN

Lþ ð−ÞVþ
3

σ↓ð↑Þ3
σF

× exp

�
− z − L

λF

�
− E;

j3;↑ð↓Þ ¼
σ↓ð↑Þ3
σF

je þ ð−ÞV
þ
3

RF
exp

�
− zII − L

λF

�

− σ↑ð↓Þ3S↑ð↓Þ3∇TL; ðFM; region 3Þ ð2Þ

where, je, λF,RF, σFi,D,E, andL are the electric current, the
spin-diffusion length of FM, the spin resistance of FM
[defined as RF ¼ λFðσ↑−1 þ σ↓

−1Þ], the conductivity of
FM “ið¼ 1; 3Þ” (¼σ↑i þ σ↓i), the spin-accumulationvoltage
at the interface betweenFM1andNM, that betweenFM2and
NM, and thegap length betweenFM1andFM2, respectively.
∇T0 and ∇TL are the temperature gradients at the point of
z ¼ 0 and z ¼ L.V−

1 andVþ
3 are the spin-dependent voltages

at FM1 and FM2. Similarly, the spin-dependent voltages in
the threeNMregions (regions 2, 4, and5), including the spin-
drift effect discussed above, are written as

FIG. 2. (a) A scheme of measuring thermal spin signals from
the nondegenerate Si spin valves. The ac lock-in technique is used
to detect the second-harmonic (2f) spin signals attributed to the
spin-dependent Seebeck effect. (b) A 2f spin signal observed
from the Si spin valve at RT. The external magnetic field is swept
from negative to positive (the red solid line) and from positive to
negative (the blue solid line), and a 2f voltage of 19 μV is
observed. The offset voltage is measured to be 5.86 mV. Note that
spurious signals in addition to the thermal spin signal are
included in this 2f signal. (c) I2ac dependence of the thermal
spin signals. The detail of discriminating the thermal spin signals
and spurious signals is described in the main text. The black
closed squares are experimental results and the red solid line
shows the fitting line. The experimental results are well fit.
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V2;↑ð↓Þ ¼ þð−ÞV
þ
2

2
exp

�
− z
λu

�
þ ð−ÞV

−
2

2
exp

�
z − L
λd

�
− je
σN

z;

j2;↑ð↓Þ ¼ þð−ÞV
þ
2

Ru
exp

�
− z
λu

�
− ðþÞV

−
2

Rd
exp

�
z − L
λd

�
þ je

2
− 1

2
σNSN∇TN; ðNM; region 2Þ ð3Þ

V4;↑ð↓Þ ¼ þð−ÞV
−
4

2
exp

�
zI
λN

�
; j4;↑ð↓Þ ¼ −ðþÞV

−
4

RN
exp

�
zI
λd

�
− 1

2
σNSN∇TN; ðNM; region 4Þ ð4Þ

V5;↑ð↓Þ ¼− je
σN

Lþð−ÞV
þ
5

2
exp

�
−zII −L

λN

�
; j5;↑ð↓Þ ¼ þð−ÞV

þ
5

RN
exp

�
−zII −L

λN

�
− 1

2
σNSN∇TN; ðNM; region 5Þ ð5Þ

RNðd;uÞ ¼
4

σN
λNðd;uÞ; ð6Þ

where∇TN is the thermal gradient inNM, and σ0ð¼ 2σNÞ is the conductivity ofNM.At z ¼ 0 andL. The continuity conditions
for spin voltage and spin current for up and down spins, including the interfacial spin-dependent tunneling resistance, are
set to be

V1;↑ð↓Þ − Ri1↑ð↓Þj1↑ð↓Þ ¼ V2;↑ð↓Þ ¼ V3;↑ð↓Þ; j1;↑ð↓Þ ¼ j2;↑ð↓Þ þ j3;↑ð↓Þ; ðat z ¼ 0Þ ð7Þ

V5;↑ð↓Þ þ Ri3↑ð↓Þj1↑ð↓Þ ¼ V3;↑ð↓Þ ¼ V4;↑ð↓Þ; j3;↑ð↓Þ ¼ j4;↑ð↓Þ þ j5;↑ð↓Þ; ðat z ¼ LÞ ð8Þ

whereRi1↑ð↓Þ and Ri3↑ð↓Þ are the spin-dependent resistance due to the tunneling barrier at the interface between FM1 and NM
and that between FM2 andNM, respectively.D in Eq. (1) is the spin-accumulationvoltage in the 3T-MR scheme,which can be
described under the parallel magnetization configuration as

Dparallel ¼
�
1

2
αF1 þ ðσ↑1Ri1↑ − σ↓1Ri1↓Þ

qu
σF1

�
Vþ
2 þ

�
1

2
αF1 − ðσ↑1Ri1↑ − σ↓1Ri1↓Þ

ud
σF1

�
V−
2 ηd þ ðσ↑1Ri1↑ þ σ↓1Ri1↓Þ

je
2σF1

;

Vþ
2 ¼ ½−ðQd þ 1ÞðRF1αF1 − Ri1↑ þ Ri1↓Þ þ ðUd − 1ÞηdðRF3αF3 − Ri3↑ þ Ri3↓Þ�

ðUu − 1ÞðUd − 1Þηuηd − ðQd þ 1ÞðQu þ 1Þ
je
2

− ηdRF3ðUd − 1Þðσ↑3S↑ − σ↓3S↓Þ
ðUu − 1ÞðUd − 1Þηuηd − ðQd þ 1ÞðQu þ 1Þ

∇T
2

;

V−
2 ¼ ½−ðUu − 1ÞηuðRF1αF1 − Ri1↑ þ Ri1↓Þ þ ðQu þ 1ÞðRF3αF3 − Ri3↑ þ Ri3↓Þ�

ðUu − 1ÞðUd − 1Þηuηd − ðQd þ 1ÞðQu þ 1Þ
je
2

− RF3ðQu þ 1Þðσ↑3S↑ − σ↓3S↓Þ
ðUu − 1ÞðUd − 1Þηuηd − ðQd þ 1ÞðQu þ 1Þ

∇T
2

; ð9Þ

where qdðuÞ ¼ ½ðRN þ RdðuÞÞ=RNRdðuÞ�, udðuÞ ¼ ½ðRN − RdðuÞÞ=RNRdðuÞ�, QdðuÞ ¼ ðRF þ Ri3ði1Þ↑ þ Ri3ði1Þ↓ÞqdðuÞ, UdðuÞ ¼
ðRF þ Ri1ði3Þ↑ þ Ri1ði3Þ↓ÞudðuÞ, ηNðd;uÞ ¼ expð−L=λNðd;uÞÞ, αF1ð3Þ ¼ ½ðσ↑1ð3Þ − σ↓1ð3ÞÞ=ðσ↑1ð3Þ þ σ↓1ð3ÞÞ� [the spin polariza-
tion of the conductivity in FM1(3)]. Here, the materials of FM1 and FM3 are the same, and αF1 ¼ αF3. Under the antiparallel
configuration caused by the magnetization reversal of FM3, we replace αF3, σ↑3, and Ri3↑ with −αF3, σ↓3 and Ri3↓ of FM3,
respectively. The summation of the electric spin signals and the spin-caloritronic signal from a nondegenerate Si spin valve
under the 3T-MR scheme is quantified as the difference in D under the parallel and antiparallel configurations, and can
consequently be described as

VS ¼ Dparallel −Dantiparallel ¼

0
B@ηd

�
1
Rd
þ 1

Ru

�h
1
2
αF1ðRF1 þ Ri1Þ − ðσ↑1Ri1↑−σ↓1Ri1↓Þ

σF1

i
ðUu − 1ÞðUd − 1Þηuηd − ðQd þ 1ÞðQu þ 1Þ

1
CA

× ½ðRF3αF3 − Ri3↑ þ Ri3↓Þje − RF3ðσ↑3S↑3 − σ↓3S↓3Þ∇TL�; ð10Þ
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where the second term shows the magnitude of the spin-
caloritronic signal. We measure the conductivities of
Fe and Si at RT to be σF ¼ 8.3 × 106 Sm−1 and
σN ¼ 2.12=103 Sm−1, and the interface RA is measured
to be 2.56=10−9 Ωm2 (the spin-injection side, FM2) and
4.66 × 10−9 Ωm2 (the spin extraction side, FM1). During
themeasurement, the electric field in the Si spin channel is set
to 1.71 × 106 V=m and L is 1.75 μm. λN is estimated to be
5.0 μm (accordingly, the spin lifetime is estimated to be
6.4 ns) from the Hanle-type spin-precession experiments in
the electric spin-injection scheme as shown in Figs. 3(a)
and 3(b), where the magnetic field perpendicular to the
plane (parallel to the z axis) is swept. The Hanle-type
spin-precession signal is nicely reproduced by the

following expression: ð1þω2τ02Þ−0.25 exp(½L=ð2λNÞ�vτ0−
½L=ðλNÞ�½

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þω2τ02

p
þ 1Þ=2

q
�f[cosð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½arctatanðωτ0Þ�2

p
Þ=2]þ

ðL=λNÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þω2τ02

p − 1Þ=2�
q

g); where D is the spin-

diffusion constant, τ is the spin lifetime, ω ¼ gμBB=ℏ is
theLarmor frequency, g is theg factor for the electrons (g ¼ 2
in this study), μB is the Bohr magneton, ℏ is the Dirac
constant, v is the spin-drift velocity, and τ0 ¼ ðv2=4DÞ þ
ð1=τÞ is the modified spin lifetime by the spin drift. Using
values from the literature, we set αF1ð¼ αF3Þ ¼ 0.4 [35],
S ¼ 15 μV=K at 293 K [36], and λF ¼ 9 nm [37] for Fe at
RT. The spin-dependent Seebeck coefficient defined asSS ¼
S↑ − S↓ is theoretically expressible as SS ¼ PS [15,38], and

the value for Fe is calculated to be 6 μV=K. Thus, the
temperature gradient between Fe and Si is estimated to be
about 200 mK for a thermal spin signal of 8 μV.
Particular attention is paid to eliminating spurious

signals from our estimation of the thermal spin-signal
magnitude in silicon. These spurious contributions are
due to the nonlinearity of the I-V curves and the bias
dependence of the electric spin signals, as described in the
experimental part. In this measurement scheme, an rms ac
voltage of 1.0 V is applied to the device in addition to a
constant bias voltage (3.0 V), and the nonlinearities around
the dc bias voltage, 3.0 V, are superposed on the thermal
spin signals. We estimate their influence on the basis of
experimental data, taking into account the contribution of
spurious contribution at 17 Hz. To estimate the spurious
signal at 17 Hz, we measure the electrical current as a
function of the dc voltage applied in our 3T-MR setup
and fit the results to a fifth-order polynomial function:
I ¼ G1V inj þ G2V inj

2 þ � � � þG5V inj
5 [indicated by the

red solid line in Fig. 4(a)], where Gi ði ¼ 1–5Þ is the ith
order conductance and V inj is the injection voltage. In the
same setup, we also measure the electrical spin signal in a
dc configuration as a function of the applied electric current
[Fig. 4(b)]. To minimize errors in the fitting and avoid a
discrepancy in the fitting curve and the experimental data,
wide-range fitting is necessary to corroborate the analysis.
(If the signals and fittings are limited within a small bias
region, it is difficult to check whether the obtained fitting
function can sufficiently reproduce the experimental
results.) Thus, these measurements are implemented
at the bias voltage of 3.0� 1.5 V. We associate this
spin signal, denoted by Vdc spin signal, to electrical spin
injection and spurious effects. We fit these results to a
fifth-order polynomial function: Vdc spin signal ¼ Rs1Iþ
Rs2I2 þ � � � þ Rs5I5. By substituting the previous
fitted function for I, we obtain Vdc spin signal ¼P

5
i¼1 Rs;i½

P
5
k¼1GkðV injÞk�, where Ri (i ¼ 1–5) is the

ith-order resistance. Once we determine the coefficients,
we can express the time-dependent contribution as
Vdc spin signalðtÞ ¼

P
5
i¼1 Rs;if

P
5
k¼1Gk½V injðtÞ�g under acþ

dc excitation, because V injðtÞ ¼ Vdc þ V0 sinð2πftÞ, where
f is the ac frequency (17 Hz), Vdc is 3.0 V, and V0 is 1.0 V
in this experiment. Through Fourier transformation, the
second-harmonic component of Vdc spin signalðtÞ is calcu-
lated. Thus, the time-dependent spectrum and the Fourier
transformation spectra of the measured Vdc spin signal are
calculated [see Figs. 5(a) and 5(b)]. As shown in Fig. 5(b),
the estimated 1f signal is obtained to be 106 μV, which is
consistent with the experimental result [ca. 110 μV, see
Fig. 4(c)]. On the contrary, the estimated 2f signal is
10.7 μV, inconsistent with the experimental result [ca.
19 μV, shown in Fig. 2(b)]. Note that the calculated 2f
signal is not due to the spin-dependent Seebeck effect but
due to electrical spin injection and the spurious effects

FIG. 3. (a) Experimental setup of the Hanle measurement. The
magnetic field is applied parallel to the z axis. (b) The measured
Hanle signals (black closed circles) and the theoretical fitting (red
solid line) for applied dc current of 3 mA.
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attributed to the nonlinearity of the IðVÞ and the bias
current dependence of the electric dc spin signals. Hence,
the difference of the measured and the calculated 2f signal
is thus the net thermally generated spin signal.
Figure 4(c) compares the expected second-harmonic

components from the spurious effects and the experimental
signal obtained using the lock-in method. There is a clear
difference between the two signals: 8 μV at an rms ac
voltage of 1.0 V, for example. In consequence, the net
thermal spin signals are obtained by subtracting the
spurious signals from the experimentally measured sec-
ond-harmonic signals, and they exhibit a quadratic depend-
ence on the rms ac voltage [see Fig. 4(d)], which provides
evidence for successful thermal spin-signal detection from
a nondegenerate Si spin valve. To note is that the magnitude
of the 1f signal in this estimation is in good agreement with
the magnitude of the 1f spin signal obtained experimen-
tally [Fig. 5(b)] and the result of the fifth-order fitting

shows the coefficients of the higher-order term becomes
monotonically and sufficiently smaller as the order
becomes higher as shown in Table I. Both results show
our model calculation reproduces the experiments well. It is
important in the model to include a contribution of the bias
dependence of spin signals, in addition to the nonlinearity
of the I-V curve, that has not been considered in similar
analyses, although the bias dependence itself is observed in
both metal and semiconductor spin valves [34,39] which is
ascribed to, for example, the density of states of ferro-
magnets, heating effects magnon excitation, and so on.
Figures 6(a) and 6(b) show contour plots of the

magnitude of thermal spin signals vs conductivity and
spin-diffusion length, and vs spin polarization and spin-
dependent Seebeck coefficients, respectively. In our cal-
culations, other parameters, such as the thermal gradient,

FIG. 5. (a) Time-dependent spectrum of the electric spin signal
under the ac (17 Hz) electric current application. (b) A Fourier
transformation spectrum of the electric spin signal. (c) The 1f
spin signal at dc voltage of 3.0 V, ac voltage of 1.0 V, and the ac
frequency of 17 Hz.

FIG. 4. (a) The bias voltage dependence of the electric current
in the nondegenerate Si spin valve at around 3.0 V, the dc offset
voltage in the experiment. The black closed squares are exper-
imental results and the red solid line is the fitting curve (the fifth-
order polynomial function). (b) The electric current dependence
of the electrical spin signal. The black closed squares are
experimental results and the red solid line is the fitting curve
(the fifth-order polynomial function). (c) Comparison of the
measured 2f spin signal and the spurious signal that is due to the
nonlinearity of the current-voltage curve and the bias current
dependence of the electric spin signal. Calculation of magnitude
of the spurious signals is described in the main text. The net
thermal spin signal is obtained by subtracting the spurious signals
from the measured 2f spin signal. (d) The net thermal signal as a
function of the applied ac voltage with dc offset voltage of 3.0 V.
The red solid line is the quadratic fitting function.

TABLE I. Coefficients for each order of the polynomial
function.

G1 (A=V) −2.95 × 10−5
G2 (A=V2) 1.04 × 10−6
G3 (A=V3) −3.58 × 10−10
G4 (A=V4) 5.80 × 10−14
G5 (A=V5) −3.84 × 10−18
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are set to be the same as those used in estimating the
thermal gradient of our Si spin devices. Figure 4(a) shows
an enhancement in the thermal spin signal due to the spin-
dependent Seebeck effect, induced by increasing the spin
polarization or spin-dependent Seebeck coefficient of a
ferromagnetic electrode. Thus, an introduction of a FM
alloy with high spin polarization, such as (Co,Fe)Al [18],
with high spin polarization and a large spin-dependent
Seebeck coefficient could greatly enhance thermal spin
signals. Furthermore, a long spin-diffusion length
allows the efficient generation of thermal spin signals
[see Fig. 6(b)], because in the case of the spin-dependent
Seebeck effect, the heat-induced spin current propagates in
a nonmagnetic material and is detected by a detector
ferromagnet. Regarding the conductivity, an optimum value
for the spin channel conductivity in the thermal spin signal
can be seen in Fig. 6(b), which is the manifestation of the
conductance mismatch problem [15] as in electrical spin
injection in semiconductors [30]. It is notable that a
material with metal-like conductivity (approximately
106 Sm−1) cannot generate larger thermal spin signals
than a material with lower conductivity (approximately
103 Sm−1). Indeed, semiconductors can generate thermal
spin signals that are about 3 orders of magnitude larger,
which is a significant advantage of semiconductors.
Finally, let us now discuss the physical difference between

the effect observed in our study and other spin-related

caloritronic effects. As mentioned above, we use the spin-
dependent Seebeck effect [15], which is the spin version of
the conventional charge Seebeck effect. The spin Seebeck
effect [13,14], the other significant spin-caloritronic effect,
arises as a result of the temperature difference between the
magnon and electron systems in, respectively, a ferrimag-
netic insulator and a heavy metal. The magneto-Seebeck
effect [40], which stems from the difference between the
charge Seebeck coefficients under parallel and antiparallel
magnetization configurations in magnetic tunnel junctions,
occurs in the dc component of magnetoresistance. The
measurement scheme for the magneto-Seebeck effect is
similar to that in this study. However, to note is that the
magneto-Seebeck signal appears in the dc component, not in
the second-harmonic ac component as in this study, which is
the central difference. Thus, the causes of the spin Seebeck
and magneto-Seebeck effects are different from that of the
spin-dependent Seebeck effect, so the former two effects can
be ruled out in our study. “Seebeck spin tunneling” is another
effect that can occur in Si [20], and the three-terminalmethod
[21] (not the same as the method we use in this study), which
is highly controversial [22–29], was used. Le Breton et al.
showed that the linewidths and shapes of open-circuit Hanle-
like voltage signals in “Seebeck spin tunneling” and “elec-
trical 3T” experiments are the same. They claimed that this
confirmed successful “spin accumulation” in “Seebeck spin
tunneling” experiments. However, one should note that the
linewidths of the open-circuit Hanle-like voltages from n-
type and p-type Si in both “Seebeck spin tunneling” and
“electrical 3T” experiments are the same. The linewidth is
governed by the spin lifetime in the channel. (Thus, the
lifetime can be estimated by Hanle-effect-related Lorentzian
function fitting.) It is well known that in silicon the spin
lifetime of electrons in the conduction band is orders of
magnitude larger than that of holes in the valence band (since
states in the valence band are not pure spin states, and almost
any momentum scattering event leads to spin flip) [8,41]. In
fact, the spin lifetime of the accumulated spins in n-Si
(doping concentration, 1.8 × 1019 cm−3) using the three-
terminalmethod is reported to be 142 ps atRT [21], while the
spin lifetime of transported spins in n-Si (doping concen-
tration, 5 × 1019 cm−3) is estimated to be 1.3 ns by using a
nonlocal four-terminal method [41]. The doping concen-
trations of these two Si devices are almost the same.
Furthermore, the Elliot-Yafet spin relaxation takes place in
Si, i.e., Si with a lower doping concentration is expected to
exhibit a longer spin lifetime. In contrast to the 3T method,
the nonlocal 4T method enables andmeasures the actual spin
transport, and thus, it is one of the most accurate methods to
measure spin lifetime. The large discrepancy in the spin
lifetime, as measured by the two methods pointed to the
nonspin accumulation origin of the signals in the 3T method
(see also Refs. [22–29] regarding the reliability of the 3T
signals). Hence, the similarity between the data in
Refs. [20,21] shows that the spin lifetime cannot be extracted

FIG. 6. (a) A contour plot of thermal spin signals due to the
spin-dependent Seebeck effect by changing spin polarization and
the spin-dependent Seebeck coefficient of the ferromagnet. (b) A
contour plot of magnitudes of thermal spin signals due to the
spin-dependent Seebeck effect by changing spin-diffusion length
and conductivity of a spin channel.
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using the Hanle-effect-related Lorentzian function in 3T
experiments, while the origin of this 3T open-circuit voltage
signal remains unclear [22,23]. In follow-up experiments,
other groups using the same 3T scheme obtained a
similar magnetoresistance not only from semiconductor-
ferromagnet tunnel junctions but also from NM-FM junc-
tions, where the spin-orbit strength varies dramatically
between different NM metals [24–29]. All of the observed
3T open-circuit Hanle-like voltage signals had amplitudes
orders of magnitude larger than that of a spin-accumulation
signal, and their widths are roughly the same: in contrast to a
spin-accumulation signal whose width reflects its spin life-
time. This discrepancy triggered theoretical attempts by a
number of groups at understanding the cause of the 3T open-
circuit voltage signal [26,29]. Their study revealed that this
signal arises from spins captured by impurity levels and trap
levels in oxide tunneling barriers and/or modulations in the
tunneling resistance of oxide barriers induced a magnetic
field, and is not related to spin accumulation. The present
study demonstrates the spin accumulation and transport in a
semiconductor channel (Si) using a spin-caloritronic effect.

IV. SUMMARY

We achieve thermal spin-signal generation in nondegen-
erate Si by exploiting the spin-dependent Seebeck effect.
The thermal gradient at the interface between Fe and Si
enables the generation of a spin current in the Si, which is
detected as the second-harmonic component of the spin-
accumulation voltages at the detector ferromagnet. A
simple expansion of the conventional spin-drift-diffusion
model that takes into account the spin-dependent Seebeck
contribution reproduces the experimental result, and indi-
cates that semiconductor materials are more efficient at heat
recycling compared to metallic materials. The present
approach is applicable to heat recycling in Si-based
devices, such as spin MOSFETs.
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