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A B S T R A C T   

It is challenge to quantitatively determine the spin Seebeck effect (SSE) of ferromagnetic metals (FM) due to 
many other thermoelectric signals including the anomalous Nernst effect (ANE), magnetic proximity-induced 
ANE, and inverse spin Hall effect (ISHE) in FM. By comparing the thermoelectric signals of single FM layer 
and FM/Pt bilayer and model-assisted analyses of ISHE contribution in FM, we are able to determine the pure SSE 
signals and the spin Seebeck coefficients of Fe, Co, Ni, and Ni80Fe20 over a temperature range from 90 to 300 K. 
The spin-dependent Seebeck coefficients S↑ and S↓, which is related to the density of states of FM, were also 
determined experimentally by combining the conventional Seebeck coefficient and the SSE coefficient. We 
further suggest the calculation of the SSE coefficient should include the spin-dependent conductivities via 
Ss ≡

σ↑S↑−σ↓S↓
σ↑+σ↓

.   

1. Introduction 

Spin caloritronics [1] explores the interplay between heat, spin, and 
charge currents in magnetic structures. Similar to the electrical field, the 
heat can also be used to manipulate the spin current. One of the most 
attractive phenomena in spin caloritronics is the spin Seebeck effect 
(SSE), which was realized experimentally by Uchida et al. in 2008 [2]. In 
ferromagnet (FM)/normal metal (NM) heterostructures, a temperature 
gradient can inject spin current from FM into NM layer in which the spin 
current is converted into a charge current via inverse spin Hall effect 
(ISHE). In the past decade, the investigation of SSE focuses on not only 
enhancing the SSE voltage to meet thermoelectric applications [3], but 
also exploring the spin-related physics, such as long-range spin transport 
[4], ultrafast spin dynamics [5], etc. The research on SSE has potential 
for various applications including spin-based storage and computing 
devices [6], ultra-high frequency (>GHz) microwave emitters or de
tectors [7], nano-oscillators [8]. 

Recently, the longitudinal spin Seebeck effect (LSSE) configuration 
with an out-of-plane temperature gradient is generally accepted as a 
simple measurement geometry in which the heat flow can be easily 
controlled. The figure of merit of LSSE devices depends greatly on the 
SSE coefficients of the FM/NM bilayer systems [3], which can be 
adjusted separately to enhance the SSE in NM and FM. For NM layers, a 

large number of experimental data reveals that the spin Hall angle 
roughly follows a linear dependence of Z4, which is the atomic number 
[9]. Until now, 5d metals and their alloys, such as Ta, W, Pt, and IrMn 
[10], are commonly used because of their strong spin-orbit coupling. For 
FM layers, the LSSE has been observed in various materials, such as 
ferromagnetic metals [11,12], semiconductors [13], insulators [14], and 
recently antiferromagnetic materials [15,16]. Choosing the proper FM 
materials is still a key point to generate large spin current or raise SSE 
thermoelectric efficiency. Here, we focus on the SSE of ferromagnetic 
metals. 

Ferromagnetic metals are important spin caloric materials, and it is 
challenge to accurately determine SSE coefficients in FMs. The first 
reason is that the thermoelectric signals of a FM/NM bilayer contain 
many other contributions, which include the anomalous Nernst effect 
(ANE) and ISHE in FM, and magnetic proximity effect (MPE) induced 
ANE in heavy metal detection layer such as Pt or Pd. A few strategies 
have been proposed to measure pure LSSE signal in FM/NM systems. For 
example, an antiferromagnetic layer was inserted between FM and NM 
layers to isolate the charge current and transmit the spin current from 
FM to NM [17]. But it is difficult to measure the attenuation of spin 
current across the antiferromagnetic layer. The other method used zero 
ANE material [18], but this method is only suitable for specific FMs. The 
second reason is that it is difficult to determine the actual temperature 
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difference on films in LSSE configuration, which causes a large error in 
determining the LSSE coefficient, even in ferromagnetic insulator sys
tem [19]. To accurately determine the temperature gradient, Sola et al. 
[20] proposed that the heat flux method is more reliable than directly 
measure the temperature difference on samples because of the uncer
tainty in thermal contact resistance between samples and heat bath. 

In Section 3.1, we analyzed all interfering signals to separate LSSE. In 
FM/Pt bilayers, we subtracted the ANE and ISHE signals measured in FM 
single layer and the MPE-induced ANE in Pt layer. With the heat-driven 
spin transport model, we found that the contribution of the ISHE from 
FM is comparable to that from Pt. We simulated this process and sub
tracted it from the SSE signals. Thus, we quantitatively separated LSSE 
current in FM/Pt. In Section 3.2, after careful calibrating the tempera
ture gradient on films, we are able to determine the temperature- 
dependent SSE of Fe, Co, Ni, and Ni80Fe20 (Py). In Section 3.3, we 
further determined the spin-dependent Seebeck coefficients S↑ and S↓, 
which roughly match with their electronic structures, thereby validating 
our experimental procedures. In Section 3.4, the SSE coefficients of Fe, 
Co, Ni, and Py are given via Ss ≡

σ↑S↑−σ↓S↓
σ↑+σ↓

. 

2. Material and methods 

All samples of FM(30)/Pt(4) bilayers, where FM are Fe, Co, Ni, and 
Py and the number inside the parenthesis is the thickness in unit of nm, 
were deposited by dc magnetron sputtering on Si(0.5 mm)/ SiO2(500 
nm) substrates with lateral dimensions of 3 mm × 7 mm. The base 
pressure of the sputtering system is better than 2 × 10−4 Pa. Single FM 
layer of 30 nm thick were also deposited to subtract the ANE and the 
ISHE induced by FM from the mixing signals in FM/Pt bilayers. On all 
samples, two 5-nm Au electrodes were deposited on both ends of the film 
to eliminate contact resistance. Finally, an AlOX capping layer was made 
by depositing 1 nm Al film which was subsequently exposed to air. Film 
thickness was measured by atomic force microscopy (Innova, Bruker 
Co.). The magnetic properties were investigated in a vibrating sample 
magnetometer (Versalab, Quantum Design Co.). 

The SSE experiments were performed in a self-modified LSSE 

configuration as shown in Fig. 1(a). A chip resistor of 1 kΩ was used as a 
heater, which can provide up to 1 W heating power. A 0.5 mm thick 
aluminum nitride (AlN) ceramic piece was inserted between the heater 
and sample for electrical insulation. The sample was placed on a thick 
Cu block with thermal grease. Constant pressure was applied to ensure 
good thermal contacts at interfaces. The temperature difference of a few 
Kelvin across the sample is measured by two Cernox thermometers. The 
entire setup was placed in and in vacuum to avoid thermal convection. 
The two-electrode method was used for testing, in which 25- μm Au 
wires are bonded to both ends of the film with conductive silver paste. 
The distance between two probes is 6 mm. As shown in Fig. 1(a, b), by 
applying a temperature gradient in the z-direction and sweeping the 
magnetic field in the x-direction, the thermoelectrical voltage was 
measured in the y-direction with a nano-voltmeter (model 2182, 
Keithley Co.) with a measurement accuracy of better than 100 nV. The 
resistance of all samples was measured in the same configuration with 
Keithley 2000 Multimeter. 

3. Results and discussion 

3.1. Separation of LSSE signals in FM/Pt bilayer 

As shown in Fig. 1(b), the charge current Jc induced in the system can 
be described by 

Jc = θSH σ̂ × Js (1)  

where JS is the injected spin current from FM to NM, σ̂ is the spin- 
polarization vector determined by the magnetization direction which 
is in the direction of the applied magnetic field, and θSH is the spin Hall 
angle of NM. In FM, the ANE voltage is also be generated in the same 
direction as the SSE signal [21], which can be described by 

EANE = −αNm × ∇T (2)  

where EANE is the electric field produced by the ANE, αN is the ANE 
coefficient, m is the unit vector of the magnetization. 

In FM/Pt system, the total thermoelectric current consists of four 

Fig. 1. (a) Experimental setup of LSSE 
configuration for detecting SSE voltage. 
TH (TL) represents the thermometer at 
the hot (cold) end. (b) In FM/Pt bilayer, 
the SSE and ANE signals emerge in the 
same direction. The arrow in the FM 
layer denotes the magnetization vector 
M, the spin current Js induced by tem
perature gradient ∇T injected from FM 
into Pt. (c) The as-measured thermo
electric voltage of a sample by scanning 
magnetic field and (d) a linear depen
dence of ΔV on the heating power.   
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independent current sources in parallel, including intrinsic ANE in FM, 
MPE-induced ANE of Pt, ISHE induced in FM, and ISHE in Pt, which can 
be written as 

IFM/Pt = IFM
ANE + IFM

ISHE + IMPE + IPt
ISHE (3) 

To obtain the pure LSSE current IPt
ISHE, we processed the data in the 

following steps: (1) according to our estimation (see Supplementary), 
the MPE current was on the order of 1 nA as listed in Table 1. IMPE was 
treated as a small interfering signal and was subtracted from the total 
current of FM/Pt bilayer IFM/Pt; (2) we measured the ANE (IFM

ANE) plus ISHE 
(IFM

ISHE) signals from a single FM layer, which was subtracted from IFM/Pt , 
then we obtained ΔI = IFM/Pt − IFM − IMPE; (3) there is an additional spin 
current in FM region in FM/Pt bilayer compared with that in single FM 
layer. This additional spin current introduces ISHE that is not accounted 
for in ΔI. We estimated this additional ISHE contribution using heat- 
driven spin transport model and subtracted it from ΔI to get pure IPt

ISHE. 
We address each step in detail next. 

The thermoelectric signal of FM single layers and FM/Pt bilayers 
were both measured as a function of the magnetic field at 300 K and at a 
fixed heating power of 0.4 W (Fig. 2(a)). The temperature-dependent 
thermoelectric current was also plotted in Fig. 2(b) from 90 to 300 K. 
By taking the current difference ΔI = IFM/Pt − IFM − IMPE, the ANE signal 
of FM is removed along with part of ISHE contribution. The latter is not 
completely removed since the spin current distributions are different in 
FM/Pt bilayers and FM single layers. Based on the thermal-driven spin 
transport model [18], the spin current distributions in FM/Pt and FM 
systems are calculated and shown in Fig. 2(c). It is clear that the dif
ference mostly occurs at the FM/NM interface. This difference in spin 
current (Δjs) introduces an additional ISHE signal that is not removed by 
using ΔI = IFM/Pt − IFM − IMPE. We can, however, estimate this addi
tional ISHE contribution. 

The ISHE current in a film is IISHE = θSH〈Js〉 ∗ Afilm, where 〈Js〉 =
∫ t

0 Jsdz ∗ 1
t is the average spin current in a film, t is the film thickness, the 

integral area of each curve 
∫ t

0 Jsdz has been shown in Fig. 2(c) labels, 
Afilm is the cross-sectional area of ISHE current. The spin Hall angle of a 
FM (θFM

SH ) is comparable to that of Pt with θFM
SH = 0.1~0.5 θPt

SH [22]. Using 
θFM

SH
θPt

SH
= 0.3 and the calculated spin current distribution in Fig. 2(c), we 

obtained the ratio of the additional spin current Δjs -induced ISHE in FM 

and the ISHE in Pt is ΔIFM
ISHE

IPt
ISHE

=
0.3×(24.4−20.1)

1.34 = 0.96. The contribution of Δjs 
-induced ISHE in the FM region is comparable to that in Pt. Then, we 
subtract the calculated Δjs -induced ISHE from ΔI = IFM/Pt − IFM − IMPE 

to determine the pure LSSE current in FM/Pt system. 

3.2. ΔT calibration method and normalized LSSE voltage −∇VISHE
∇TF 

in FM/ 
Pt bilayers 

With the pure LSSE signal, we still need to accurately determine the 
temperature difference across the film ΔTF to determine the LSSE co
efficient. Generally, there are two methods to estimate ΔTF [20]: the 
temperature difference method and the heat flux method. In the former, 

the measured temperature difference on sample ΔT consists of three 
parts: the temperature difference on the film, substrate, and thermal 
contacts, i.e. ΔT = ΔTF + ΔTsub + ΔTcontact. But the uncertainty in 
thermal contact resistance at the interfaces between the sample and heat 
bath cannot be avoided in the longitudinal configuration. So this method 
is not used here. With the heat flux method, we need to determine the 
heat flux through the film and the thermal resistance of the film in order 
to determine ΔTF = P⋅Rh = P⋅ tF

κF∙A, where P, Rh and A are the heater 
power, the thermal resistance and the surface area of films, respectively. 
The thermal conductivity κ of films was calculated using the 
Wiedemann-Franz law κ = L∙T

ρ , where L, ρ are the Lorenz constant and 
electrical resistivity, respectively. Because of the uncertainty in the 
actual heating power and the Lorenz constant of films, the calculated 
value could still deviate from the actual ΔTF. A correction factor F has to 
be introduced. It should be noted that the ANE coefficient αN = −

∇VANE/∇TF can be measured accurately in the transverse configuration, 
because there is no uncertain thermal contact resistance (see Supple
mentary). For convenience, the measured voltage of single-layer FM was 
regarded as ANE voltage. Using αN measured in the transverse config
uration as shown in Fig. 3(a, b) as the standard values, we corrected the 
αN measured in the longitudinal configuration to obtain the correction 
factor F. It should be pointed out that factor F is a 
temperature-dependent variable, because as decreasing temperature, 
the actual heating power on the films would change due to the changing 
heat dissipation at the other end. Taking the data at 300 K as an 
example, using P = 0.4W, κF = 5W/(m∗K), tF = 30nm, A = 3 × 6mm2, 
F = 1.6, the temperature difference and the temperature gradient on the 
FM were estimated to be 0.09 mK and 2.77 K/mm, respectively. The 
as-measured resistivity ρ, calibrated temperature gradient ∇TF, and ANE 
coefficient αN are summarized in Fig. 3(c). The temperature-dependent 
αN of films show a similar trends as the bulk samples, but the values are 
smaller compared with their bulk counterparts [23], owing to the finite 
size effect [24]. The calibration process above ensures an accurate 
determination of the temperature gradient on films in LSSE 
configuration. 

Analogy to the conventional Seebeck coefficient of FM, the normal

ized SSE voltage −∇VISHE
∇TF

= −
IPt
ISHE RPt
d ∇TF

, where d is the length between two 
contacts, is an important parameter of FM/Pt systems, representing the 
ability of the FM/Pt system to generate spin currents. To obtain IPt

ISHE of 
Fe, Co, Ni, and Py, we simulated the spin current distribution using the 

same method as shown in Fig. 2(c) and determined ΔIFM
ISHE

IPt
ISHE 

using the cor

responding parameters of θ
FM
SH

θPt
SH

, σFM
σPt

, λFM
λPt

, which are also listed in Table 1. At 

300 K, taking Py as an example, using θ
Py
SH

θPt
SH

= 0.2, σPy
σPt

= 0.29, λPy
λPt

= 3/2, we 

determined ΔIFM
ISHE

IPt
ISHE

= 0.39 (see Supplementary). Then we separated IPt
ISHE =

−3.5 nA from ΔI = IFM/Pt − IFM − IMPE = ΔIFM
ISHE + IPt

ISHE. Using d = 6 mm,

RPt = 130 Ω, ∇TPy = 1.7 K/mm, we obtained −∇VISHE
∇TF

= 0.04 μV/K. 
This is consistent with theoretical predicted value of 0.06 ± 0.04 μV/K 
for Py(30)/Pt(6 nm) [17]. As for the temperature-dependent parame

ters, we assume constant θ
FM
SH

θPt
SH 

and λFM
λPt 

because the value of θSH and λ of FM 

Table 1 
Parameters used to separate LSSE signal at 300 K. Using the spin Hall angle (θFM

SH / θPt
SH), spin diffusion length (λFM/ λPt) from literatures and measured electrical 

conductivity (σFM/ σPt), we simulated spin current distribution in FM/Pt bilayers and obtained the ratio ΔIFM
ISHE/IPt

ISHE in the current difference ΔI, which allows us to 

determine IPt
ISHE. The normalized SSE voltage in FM/Pt system is −

∇VISHE

∇TF
= −

IPt
ISHE RPt

d ∇TF
.  

FM θFM
SH

θPt
SH  

σFM

σPt  

λFM

λPt  

ΔIFM
ISHE

IPt
ISHE  

IMPE(nA)  ΔI(nA)  IPt
ISHE(nA)  ∇TF (K/mm)

−
∇VISHE

∇TF 
(μV/K)

Fe 0.1 [22] 0.18 2/2 [29] 0.13 −1 −18.7 −16.5 2.77 0.13 
Co 0.15 [28] 0.45 40/2 [29] 1.44 −0.8 −23.5 −9.6 1.07 0.20 
Ni 0.5 [22] 0.28 3.2/2 [22] 1.04 −0.3 26.2 12.8 1.78 −0.16 
Py 0.2 [22] 0.29 3/2 [29] 0.39 −0.5 −4.9 −3.5 1.70 0.04  
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and Pt both slightly increase with decreasing temperature [25,26]. Thus, 
the temperature-dependent −∇VISHE

∇TF 
was obtained and shown in Fig. 4(a). 

The absolute value of −∇VISHE
∇TF 

is ranging from 0 to 0.2 μV/K, which is 
smaller than the reported value of 0.93 μV/K for YIG/Pt [19]. The value 
of −∇VISHE

∇TF 
for Ni has an opposite sign compared to that of Fe, Co and Py, 

similar to the results reported in earlier studies [27]. This sign difference 
is attributed to the different electronic structures, which will be dis
cussed next. 

3.3. Spin-dependent Seebeck coefficient S↑ and S↓ 

The spin-dependent Seebeck coefficient S↑ and S↓ can be calculated 
based on the electronic structure of FM using by the Mott formula [30] 

S↑,↓ = −
π2k2

BT
3e

∂ln(σ↑,↓)

∂ε |εF
(4)  

where kB is the Boltzmann constant, e is the electric charge, εF is the 

Fig. 2. (a) Thermoelectric current of FM and FM/Pt as a function of the magnetic field at 300 K. (b) Temperature dependence of the thermal-induced current of FM/ 
Pt and FM for Fe, Co, Ni, and Py. (c) Simulation of spin current distribution in the FM and FM/Pt systems according to the model in Ref. [18]. 

Fig. 3. Method to calibrate the temperature gradient on films in LSSE. In the transverse configuration, (a) the as-measured ANE voltage by scanning magnetic field at 
different temperature, and (b) the ANE coefficient αN of Py. (c) In the longitudinal configuration, the as-measured resistivity, the temperature gradient on films and 
the ANE coefficient of Fe, Co, Ni, and Py after calibration. 
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Fermi energy, T is the temperature, and σ is the conductivity. It is well 
known that the 4 s electrons are the main carriers in ferromagnetic 
transition metals, i.e. σ = σs + σd ≈ σs. The conductivity obeys Drude’s 
formula σs = nse2τs

m∗
s

, where the electron density ns, the effective mass m∗
s 

are almost the same between the spin-up and spin-down channels due to 
negligibly small spin splitting of 4 s electrons. But the relaxation time τs,↑ 

and τs,↓ are different depending on the s-d electron scattering, which is 
asymmetric between two channels due to large spin splitting of 3d 
electrons. According to the Fermi liquid model [31], the electron scat
tering cross section for spin-up channel is γ↑ = γ↑↑ + γ↑↓, including up-up 
and up-down electron scattering, which can be expressed as: 

Fig. 4. The temperature dependence of (a) normalized SSE voltage −∇VISHE
∇TF 

in FM/Pt extracted from the original result shown in Fig. 2 after the temperature gradient 
calibration, and (b) Seebeck coefficients of FM measured in transverse configuration. The insert shows the measurement geometry. 

Fig. 5. The calculated spin-up and spin-down DOSs (top panels) and temperature-dependent S↑ and S↓ got from the experiment for (a) Fe, (b) Co, (c) Ni, and (d) Py 
(bottom panels). The vertical dot line represents the Fermi level εF . 
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γ↑↑ = Nd,↑

(
kBT
εF,↑

)2

γ0
↑↑, γ↑↓ = Nd,↓

(
kBT
εF,↓

)2

γ0
↑↓ (5)  

where γ0
↑↑ and γ0

↑↓ are the cross-sections for a free-electron-gas system, 
Nd,↑ and Nd,↓ are the densities of the states (DOSs) at the Fermi level, εF,↑ 

and εF,↓ are the Fermi energy for the 3d spin-up and spin-down electrons, 
respectively. Because γ0

↑↓ ≈ γ0≪γ0
↑↑ due to the strong Fermi repulsion, it 

leads to γ↑ ≈ γ↑↑. The same result can be obtained for the spin-down 
channel, i.e. γ↓ ≈ γ↓↓. Therefore, the spin-dependent relaxation time 
can be expressed as τ↑,↓∝1/γ↑,↓∝ε2

F,(↑,↓)
/Nd,(↑,↓), which leads to 

σ↑,↓∝ε2
F,(↑,↓)

/Nd,(↑,↓). Combining this with the formula (4), S↑,↓ approxi
mately depends on the differential of the spin-dependent DOSs at εF, i.e. 
S↑,↓∝∂lnNd,(↑,↓)(ε)/∂ε

⃒
⃒
εF

. The DOSs versus energy for Fe, Co, Ni, and Py 
are plotted in Fig. 5, and S↑ and S↓ can be qualitatively acquired. 

On the other hand, the spin-dependent Seebeck coefficient S↑ and S↓ 

can be obtained from the experiment by combining the values of See
beck coefficient S and the variable β from LSSE (see Supplementary): 

S =
σ↑S↑ + σ↓S↓

σ↑ + σ↓
(6)  

β =
1

θSH

σN

σF

dN

λN

1
tanh( dN

2λN
)

(

−
∇VISHE

∇TF

)

=
2σ↑σ↓

σF
2 (S↑ − S↓) (7)  

where θSH, σ, d, λ are spin Hall angle, conductivity, film thickness, and 
spin diffusion length, respectively. The variable β is determined from the 
LSSE experiment. Take the data at 300 K as an example, dPt = 4 nm, 
θSH = 0.08, λPt = 2 nm [26], tanh(1) = 0.76, σN

σF
= 2 ∼ 5 for different 

FM, the results of β at 300 K are listed in Table 2. As for 
temperature-dependent parameters, the spin Hall angle of Pt remains 
unchanged at 90−300 K according to the literature. The spin diffusion 
length is proportional to the conductivity of Pt, which will slightly in
crease as the temperature decreases from 300 to 90 K [26]. To get S↑ and 
S↓ of FM, we should also determine the asymmetry coefficient of 
spin-dependent conductivity g = σ↑/σ↓ according to σ↑,↓∝ε2

F,(↑,↓)
/Nd,(↑,↓), 

where εF = ℏ2

2m(3π2n
V )

2/3 can be used, Nd,(↑,↓) is determined from the 
calculated DOSs. The obtained values of g = σ↑/σ↓ is shown in Table 2. 
Due to σ∝τ∝λ, we compared the calculated σ↑/ σ↓ and the 
spin-dependent mean free path ratio λ↑/λ↓ in literature [32], we note 
that g≫1 for Co, Ni, Py in agreement with that of λ↑≫λ↓, and g < 1 for Fe 
since its λ↑ < λ↓ as well. The spin-dependent Seebeck coefficient S↑ =

S +
g+1
2g β and S↓ = S −

g+1
2 β of Fe, Co, Ni, and Py can be obtained and the 

results are shown in Fig. 5. 
Fig. 5 shows the DOSs obtained by ab initio calculation and the 

experimental values of the spin-dependent Seebeck coefficient S↑ and S↓ 

for FM. For Ni, the experimental results are consistent with the values 
estimated from the DOSs by S↑,↓∝∂lnNd,(↑,↓)(ε)/∂ε

⃒
⃒
εF 

that S↑ is close to 
zero while S↓ has a large positive value, leading to a negative spin 
Seebeck coefficient Ss (see next section). For other three metals, the 
values of S↑ and S↓ deviate a little bit from the values calculated from 
DOSs. This is mainly due to the value of g =

σ↑
σ↓

, which has a great 

influence on the determination of S↑ and S↓, is calculated based on a 
simplified model. The actual conductivity is more complicated because 
of the hybrid 4 s and 3d energy bands [33]. The obtained S↑ and S↓ from 
the experiment roughly linearly depend on temperature, indicating that 
the conduction electrons are the main carriers of the spin current in the 
ferromagnetic metals. More importantly, similar to the conventional 
Seebeck effect [34] where doped impurity in PbTe can enhance the 
Seebeck coefficient by distorting DOSs, the spin Seebeck coefficient may 
also be enhanced by tailoring the energy band structure of FM. 

3.4. Definition and Results of Spin Seebeck Coefficient Ss 

Spin Seebeck effect is derived based on the conventional Seebeck 
effect with spin up and spin down electrons. The definition of Ss ≡ (S↑ −

S↓) is commonly used [35], but it ignores the effect of the 
spin-dependent conductivity. The correct expression should be [36] 

Ss ≡
σ↑S↑ − σ↓S↓

σ↑ + σ↓
(8) 

The calculated spin Seebeck coefficients for Fe, Co, Ni, and Py are 
shown in Fig. 6. The calculated Ss of Ni has opposite sign to those of Fe 
and Co. But for Py, although the SSE transport coefficient of Py is pos
itive, Ss change the sign by taking into account the spin-dependent 
conductivities. 

4. Conclusions 

In summary, we have carefully analyzed all possible thermoelectric 
signals in single FM layers and FM/Pt bilayers. The MPE current was 
estimated and subtracted from the total current of FM/Pt bilayers. While 
ANE and part of ISHE signals in FM layer can be removed by taking the 
difference between signals in FM/Pt and FM systems, the additional spin 
current in FM/Pt compared with that in single FM layer cannot be 

Table 2 
Parameters used in calculating the spin-dependent Seebeck coefficient S↑ and S↓ at 300 K. Ms is the saturation magnetic moment, n↑ (n↓) is the total number of 3d 
electrons, εF is the Fermi energy, Nd,↑ (Nd,↓) is the 3d electron DOSs at εF , σ↑ (σ↓) is the spin-dependent conductivity, λ↑ (λ↓) is the electron mean free path from Ref. [32]. 

β and S are obtained from the experiment at 300 K. Thus, we obtained S↑ = S +
g + 1

2g
β and S↓ = S −

g + 1
2

β.  

FM Ms (μB) n↑  n↓  ε2
F,↑

ε2
F,↓  

Nd,↓

Nd,↑  

σ↑

σ↓  

λ↑

λ↓  

β (μV/K) S (μV/K) S↑ (μV/K) S↓ (μV/K)

Fe 2.2 4 2.6 2.26 0.39 0.88 1.5/2.1 22.5 3.7 28 −17 
Co 1.7 8 3.3 1.74 4.8 8.35 5.5/0.6 13.7 −9.2 −2 −73 
Ni 0.6 5 4.4 1.19 8.3 9.84 \ −17.9 −2.4 −12 95 
Py 1 5 4 1.39 5 6.95 4.6/0.6 5.1 −17.6 −15 −38  

Fig. 6. The temperature-dependent spin Seebeck coefficients for Fe, Co, Ni, Py 
determined from Eq. (8). 
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removed. Through modeling, we have found that this addition ISHE 
contribution in FM part of FM/Pt bilayers is comparable to that gener
ated in Pt layer. By removing this contribution using calculated values, 
we are able to determine the pure LSSE signal in FM/Pt systems. With 
the definition of SSE coefficient Ss ≡

σ↑S↑−σ↓S↓
σ↑+σ↓

, we have found that Ni and 
Py have negative Ss that is opposite to Fe and Co. In addition, we have 
also determined the spin-dependent Seebeck coefficient S↑ and S↓, which 
is roughly in agreement with the calculated values from DOSs at the 
Fermi level. Our results show the direct correlation between the elec
tronic structure and thermal-driven spin transport in 3d-FM metals are 
explored, which may also help improve thermal-driven spin currents 
efficiency in 3d-FM metals in the future study. 
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