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Longitudinal spin Seebeck effect in permalloy separated from the anomalous Nernst effect:
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The longitudinal spin Seebeck effect (LSSE) consists in the generation of a spin current parallel to a temperature
gradient in a magnetic material. The LSSE has only been measured unequivocally in magnetic insulators because
in metallic films it is contaminated by the anomalous Nernst effect (ANE). Here we report theoretical and
experimental studies of the LSSE in the metallic ferromagnet N81Fe19 (permalloy-Py) separated from the ANE.
We have used trilayer samples of Py/NiO/NM (NM is a normal metal, Pt or Ta) under a temperature gradient
perpendicular to the plane to generate a spin current in Py that is transported across the NiO layer and reaches the
NM layer, where it is converted into a charge current by the inverse spin Hall effect. The LSSE is detected by a
voltage signal in the NM layer while the ANE is measured by the voltage induced in the Py layer. The separation
of the two effects is made possible because the antiferromagnetic insulator NiO layer transports spin current
while providing electrical insulation between the Py and NM layers. The measured spin Seebeck coefficient for
Py has a value similar to the one for the ferrimagnetic insulator yttrium iron garnet, with the same sign, and is in
good agreement with the value calculated with a thermoelectric spin drift-diffusion model.

DOI: 10.1103/PhysRevB.95.214421

I. INTRODUCTION

The spin Seebeck effect refers to the generation of a
spin current by a thermal gradient in a magnetic material,
and is a magnetic analog of the thermoelectric Seebeck
effect. The discovery in 2008 of the spin Seebeck effect
(SSE) by Uchida, Saitoh, and co-workers [1] gave birth to
a new area of spintronics, the spin caloritronics, that has
attracted considerable attention for its scientific interest and
potential applications in thermomagnetic devices [2–6]. The
pioneering experiments of Ref. [1] were done with a thermal
gradient applied along a film of the metallic ferromagnet
N81Fe19, known as permalloy (Py), in the so-called transverse
configuration. The effect was detected by the voltage signals
measured along thin Pt strips deposited at the ends of the Py
film, resulting from the conversion of the spin current into
charge current by means of the inverse spin Hall effect (ISHE)
[7–12]. Soon after the experiments with Py, Uchida, Saitoh,
and co-workers demonstrated the existence of SSE in the lon-
gitudinal configuration (LSSE) in the ferrimagnetic insulator
yttrium iron garnet (YIG) in contact with a thin Pt layer [13].

In the LSSE, one employs a bilayer made of a ferromagnetic
insulator (FMI) with an attached metallic layer (ML). A
temperature gradient ∇⊥T applied perpendicularly to the
plane of the FMI creates a spin current in the same direction
that flows into the ML where it is partially converted by the
ISHE into a charge current and detected by the associated
voltage [2–6,13]. The electric field in the ML can be expressed
in terms of the perpendicular temperature gradient in the
form �ESSE = −SSVσ̂ × ∇⊥T , where SSV is often called
the (voltage) spin-Seebeck coefficient and σ̂ is the spin
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polarization determined by the direction of the applied
magnetic field. In a bilayer made of a metallic ferromagnetic
(FM) film and a normal metal layer under a thermal gradient
applied perpendicularly to the plane, one also expects to
have LSSE. However, in the FM film there is also an electric
field created by the classical anomalous Nernst effect (ANE)
�EANE = −αN σ̂ × ∇⊥T , where αN is the anomalous Nernst
coefficient [14–25]. The superposition of the voltages created
by the two effects precludes the measurement of the LSSE so
that it is generally accepted this effect cannot be observed in
metallic ferromagnets, such as permalloy [2–6,13,20].

In this paper we demonstrate the existence of the longi-
tudinal SSE in a film of metallic ferromagnetic permalloy
where a spin current is created by a thermal gradient applied
perpendicularly to the film plane. This was made possible by
inserting a thin NiO layer between the NM and Py films. As
recently discovered, NiO is an insulating room temperature
antiferromagnet that blocks the flow of charge current but
transports spin currents [26–33]. Thus one can measure the
LSSE by means of the voltage generated in the NM layer by
the spin-to-charge ISHE conversion and separately measure
the ANE by the voltage induced in the Py layer. The paper is
organized as follows. In Sec. II we describe the thermoelectric
spin drift-diffusion model for the LSSE in a metallic ferromag-
net and apply the results to permalloy. In Sec. III we describe
the sample preparation and present the experimental measure-
ments of the ANE and LSSE. Finally, in Sec. IV we discuss
the results and compare the LSSE in Py with that in YIG.

II. THERMOELECTRIC SPIN DRIFT-DIFFUSION MODEL
FOR THE LSSE IN METALLIC FERROMAGNETS

In this section we consider a simple bilayer made of a
ferromagnetic metal (FM) in contact with a nonmagnetic
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FIG. 1. Illustration of the ferromagnetic metal (FM)/metallic
layer (ML) bilayer and coordinate axes used to formulate the
theoretical model for the longitudinal spin Seebeck effect.

(NM) layer, under a temperature gradient normal to the plane
and with a static magnetic field H applied in the plane, as
illustrated in Fig. 1. We choose a coordinate system with the
z axis parallel to the magnetic field H applied in the plane,
and the y axis perpendicular to the plane, shown in Fig. 1.
Our goal here is to calculate the spin current created by the
thermal gradient in the FM and injected into the NM layer.
As is well known, in a magnetic insulator, such as YIG, a
spin current is carried by the collective spin excitations, spin
waves, or magnons. In a metallic ferromagnet, such as Py,
the spin current can be carried by the conduction electrons
(electrons with opposite spins moving in opposite directions)
and also by magnons. As shown in Refs. [34,35], under a
thermal gradient the magnonic spin current is proportional
to the magnon lifetime. Since in Py the magnon lifetime is
typically two orders of magnitude smaller than in YIG, the
magnonic contribution to the LSSE in Py is small and we
consider here only the electronic thermoelectric transport. This
has been treated in detail in Refs. [36,37] but with boundary
conditions that are not appropriate for the structure in Fig. 1.
For completeness we present here the full formulation of the
thermoelectric spin current generation. For the FM layer in
Fig. 1 we consider a homogeneous metallic ferromagnet in
which the spin current is carried by electrons with spin denoted
by σ = ±1, energy εσ

k , and momentum h̄�k. In thermodynamic
equilibrium at a temperature T , the electrons are distributed
among the available states according to the Fermi-Dirac
distribution function f σ (�k,�r) = [e(εσ

k −μσ )/kBT + 1]−1, where
μσ is the spin-dependent chemical potential. In the presence
of external fields, temperature gradient, and random scattering
processes, the evolution of f σ (�k,�r) at a position �r is governed
by the Boltzmann transport equation (BTE). In steady state
BTE reads(

�vk · ∇r +
�Fσ

h̄
· ∇k

)
f σ (�k,�r) =

(
∂f σ

∂t

)
scatt.

, (1)

where �vk = (1/h̄)∇kεk is the electron velocity and �Fσ (�r)
is the external force on the electrons. The scattering term
on the right-hand side contains spin-conserving and spin-flip
impurity scattering that can be modeled, in the relaxation time

approximation, by [36](
∂f σ

∂t

)
scatt.

= − [f σ (�k,�r) − f σ (εk,�r)]

τσ

− [f σ (εk,�r) − f −σ (εk,�r)]

τsf
, (2)

where f σ (εk,�r) = ∫
d�kf

σ (�k,�r)/4π is the momentum av-
eraged electron distribution, τσ is the transport relaxation
time, and τsf is the spin-flip relaxation time. Since τσ � τsf

momentum relaxation occurs first, followed by a slow spin
relaxation. In the spirit of the linear response theory, we assume
that the distribution function can be written as

f σ (�k,�r) ≈ f0(εk) + [gσ (�k,�r) + μσ (�r)]

(
−∂ f0

∂εk

)
εF

, (3)

where with the introduction of the factor (−∂f0/∂εk)εF
we are

explicitly recognizing that the transport involves only electrons
with energy close to the Fermi energy εF . Introducing the spin-
dependent effective electric field �Eσ = �E + ∇rμ

σ (�r)/e (e is
the electron charge), related to the force on the electrons �Fσ =
e �Eσ , considering that gσ (�k,�r) varies slowly with momentum
and in space, so that ∇kg

σ (�k,�r) ≈ 0, ∇rg
σ (�k,�r) ≈ 0, and that

τσ � τsf , substitution of Eq. (3) into the BTE Eq. (1) leads to

gσ (�r,�k) = τσ �vk · ∂εk

∂T
∇rT − h̄eτ σ

m
�k · �Eσ . (4)

Thus Eq. (3) leads to

f σ (�k,�r) ≈ f0(εk) − τσ

(
∂f0

∂T

)
�vk · ∇rT

+ h̄eτ σ

m

(
∂ f0

∂εk

)
εF

�k · �Eσ − μσ (�r)

(
∂ f0

∂εk

)
εF

. (5)

With this distribution function we can calculate various
quantities of interest. We consider the electrons described by a
simple Stoner model for a ferromagnetic metal, with energies
εσ
k = εk + σ 	, where 	(T ) is the temperature dependent

exchange splitting [36,38]. The charge current density with
spin polarization σ is given by

�J σ
C = e

V

∑
k

f σ (�k,�r) �vk. (6)

This is calculated taking into account that
∑

�k f0(�k,�r) �vk =
0 and

∑
�k �vk = 0. The total charge current density is

�JC = �J σ
C + �J−σ

C while the spin current density, in units of
angular momentum, is �JS = h̄/2e ( �J σ

C − �J−σ
C ). Using Eq. (5)

in Eq. (6), considering �E = 0, �JC = 0, one can show that the
spin current density with polarization in the field direction is

the sum of two parts �JS =
⇀

J∇T +
⇀

J∇μS
, where

�J∇T = − h̄

(2π )3

∫
d3k τ

(
∂ f0

∂εk

)
εF

∂	

∂T
�vk(�vk · ∇rT ) (7)

is the contribution from the thermally induced drift of electrons
with temperature-dependent exchange splitting, and

�J∇μS
= h̄

(2π )3

∫
d3k

τ

m

(
∂ f0

∂εk

)
εF

�vk(�k · ∇rμS) (8)
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is due to the spatial variation of the spin accumulation,
defined by μS = (μ↑ − μ↓)/2 [39,40]. In Eqs. (7) and (8), τ =
(τ↑ + τ↓)/2 and m is the electron mass. With the temperature
gradient normal to the plane, Eq. (7) gives the spin current in
the y direction

J∇T = −SS

∂T

∂y
, (9)

SS = h̄

(2π )3

∫
τ

(
∂ f0

∂εk

)
εF

∂	

∂T
v2

ky d3k. (10)

The integral in Eq. (8) gives a factor proportional to the
diffusion coefficient De, such that, with the Einstein relation
σc = e2De N (εF ), where σc is the charge conductivity and
N (εF ) the density of states at the Fermi energy, Eq. (8)
becomes

J∇μS
= − h̄σc

2e2

∂μS

∂y
. (11)

From Boltzmann equation one can also show [36,37,39,40]
that the spin accumulation obeys a diffusion equation

∂2μS(y)

∂y2
= μS(y)

λ2
sf

, (12)

where λsf is the spin-flip diffusion length, related to the dif-
fusion coefficient by λsf = √

De τsf . The solutions of Eq. (12)
for the FM layer in the geometry of Fig. 1 are

μS(y) = A cosh[(y + tFM)/λsf] + B sinh[(y + tFM)/λsf],

(13)

where A and B are coefficients to be determined by the
boundary conditions. Using Eq. (13) in Eq. (11) one obtains
the total y component of the spin-current density in the FM
layer

JS(y) = −SS ∇yT − h̄σc

2e2λsf

A sinh[(y + tFM)/λsf]

− h̄σc

2e2λsf
B cosh[(y + tFM)/λsf], (14)

where the coefficients A and B are be determined by the
boundary conditions at y = −tFM and y = 0. The boundary
conditions are defined by conservation of the angular momen-
tum flow that requires continuity of the spin currents at the
interfaces. Using the boundary condition JS(y = −tFM) = 0
at the substrate/FM interface we obtain with Eqs. (13) and
(14):

JS(0−) = −SS ∇yT

[
cosh(tFM/λsf) − 1

cosh(tFM/λsf)

]

−μS(0)
h̄σc

2e2λsf
tanh(tFM/λsf). (15)

The spin current created by the thermal gradient in the FM
flows through the FM/NM interface and produces in the NM
layer a spin accumulation with the associated spin current that
at y = 0+ is given by [39,40]

JS(0+) = g
↑↓
eff

4π
μS(0−), (16)

where g
↑↓
eff is the real part of the effective spin mixing

conductance that takes into account the spin-pumped and
backflow spin currents [39,40]. Using Eqs. (15) and (16) in the
boundary condition at the FM/NM interface JS(0−) = JS(0+),
and considering h̄σc/2e2λsf 	 g

↑↓
eff /4π , we obtain the spin

current in the NM due to the LSSE

JS(0+) = −CS ρ(tFM/λsf) ∂yT , (17)

where ρ is a factor that represents the effect of the finite FM
layer thickness, given by

ρ = cosh(tFM/λsf) − 1

sinh(tFM/λsf)
, (18)

and CS = SS g
↑↓
eff e

2λsf/2πh̄σc. With some approximations one
can obtain a simple expression for CS . Considering in Eq. (9) a
parabolic energy band for the electrons, using (∂ f0/∂εk)εF

≈
−δ(ε − εF ) and the Drude model for the conductivity σc =
ne e2τ/m, where ne is the electron concentration, we obtain

CS = g
↑↓
eff λsf

3π ne

(−∂	/∂T ) N (εF ) εF . (19)

Notice that Eqs. (17) and (18) have the same form as the one
for the LSSE in a FMI/NM bilayer [34,35]. This is so because
in the thermoelectric model the spin current created by the
thermal gradient is carried by the spin accumulation, while in
the bulk magnon model for the FMI it is carried by the magnon
accumulation, and in both cases the evolution is governed by
the Boltzmann transport equation and the diffusion equation,
subject to the same boundary conditions.

The spin accumulation in the NM obeys a diffusion equation
like Eq. (12) with a spin-flip diffusion length λN [39,40]. With
the boundary condition at the surface of the NM layer JS(y =
tN ) = 0, one finds the spin accumulation and the spin current
for 0 � y � tN . The spin current is given by

JS(y) = JS(0+)
sinh[(tN − y)/λN ]

sinh(tN/λN )
. (20)

Due to the inverse spin Hall effect, the spin-current density
�JS flowing into the NM layer generates a charge-current

density given by �JC = θSH(2e/h̄) �JS × σ̂ , where θSH is the
spin-Hall angle and σ̂ is the spin polarization. With the
magnetic field in the plane and transverse to the long direction
of the NM layer, the resulting charge current produces a dc
ISHE voltage at the ends of the NM layer. Since the spin
current at the FM/NM interface diffuses into the NM layer
with diffusion length λN , in order to calculate the voltage at
the ends of the NM layer one has to integrate the charge-current
density along x and y so that the SSE-ISHE voltage becomes

VSSE = RN wλN

2e

h̄
θSH tanh

(
tN

2λN

)
JS(0) cos φ, (21)

where RN , tN , and w are the resistance, thickness, and width
of the NM layer, respectively, and φ is the angle of the spin
polarization determined by the direction of the magnetic field
as in Fig. 3(a). Finally, with Eqs. (19) and (21) we can write the
charge current ISSE = VSSE/RN produced by the temperature
gradient, for φ = 0, as

ISSE = −SSSE ρ ∂yT , (22)
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where

SSSE=2 g
↑↓
eff λsfw λNeθSH

3π ne h̄
tanh(tN/2λN ) (−∂	/∂T ) N (εF ) εF

(23)
is the spin Seebeck coefficient for LSSE in a metallic
ferromagnet. Note that often the spin Seebeck coefficient is
defined with reference to the voltage measured in the NM
layer. One disadvantage of using the voltage is that it varies
with the resistance, so that two samples made with the same
materials but with different NM layer thicknesses would have
different spin Seebeck voltage coefficients.

III. EXPERIMENTS

The voltage produced by the LSSE in a FM/NM bilayer
adds to the one created by the anomalous Nernst effect.
Previous studies of the longitudinal spin-Seebeck effect in
Py/NM do not distinguish the voltages generated by the two
effects [41–43]. Here we report experiments in which the
two effects are separated by the use of a thin NiO layer
between the Py and NM layers. The sample structures used to
measure the LSSE and ANE in Py are shown schematically in
Figs. 2(a) and 3(a). The samples consist of a Py layer deposited
by dc magnetron sputtering on a Si(0.4 mm)/SiO(300 nm)
substrate with lateral dimensions 9 mm × 2.5 mm. Samples
with several Py film thicknesses were prepared in order to
measure the thickness dependencies of the effects. For the

FIG. 2. (a) Schematic illustration of the Py sample used to
measure the voltage generated by the anomalous Nernst effect
(ANE). All measurements shown in the figure were done with Py
layer thickness of 30 nm. (b) Variation with magnetic field of the
ANE voltage measured in the Py layer with four values of the
temperature difference 	T indicated. Positive 	T corresponds to
the Peltier module warmer than the Si substrate. (c) ANE voltage
versus temperature difference measured with H = 0.5 kOe in two
field directions. (d) Variation of the ANE voltage with the magnetic
field angle φ measured with H = 0.5 kOe and 	T = +12 K. Solid
curve is a fit with A cos φ.

FIG. 3. (a) Schematic illustration of the Py sample structure used
to measure the voltages generated in Si/Py/NiO/Pt by the ANE
and LSSE. All measurements shown in the figure were done in
the sample with Py layer thickness of 30 nm. (b) Variation with
magnetic field of the ANE voltage measured in the Py layer with
four values of the temperature difference 	T indicated. Positive
	T corresponds to the Pt layer warmer than Py. (c) ANE voltage
versus temperature difference measured with H = 0.5 kOe in two
field directions. (d) Variation of the ANE voltage with the magnetic
field angle φ measured with H = 0.5 kOe and 	T = +12 K. Solid
curve is a fit with A cos φ.

initial measurement of the voltage due only to the ANE we
used a single Py film, with no capping layer, as in Fig. 2(a).
For measuring the ANE and LSSE voltages separately we
use the structure in Fig. 3(a), where a 5 nm thick NiO layer
was deposited onto the Py layer by rf magnetron sputtering at
160 °C leaving 0.5 mm clearances at the ends for the electrodes.
Then a Pt or Ta films, with thickness 6 nm, were sputter
deposited on the central part of the NiO layer using a shadow
mask to make a film with smaller width to avoid contact with
the Py layer. Finally, Ag electrodes were attached to the ends
of the Py, Pt, and Ta layers, as shown in Figs. 2(a) and 3(a),
for measuring the voltages directly with a nanovoltmeter. The
distances between the electrodes are 8 mm in the Py layer and 5
mm in the Pt and Ta layers. The resistances measured between
the electrodes vary from 85 to 95 � in Pt, it is 120 � in Ta,
while in Py it varies inversely with the thickness, as shown in
the inset of Fig. 6(b). The resistances measured between the
contacts in the NM and Py layers are above 50 M�, indicating
that the NiO layer provides electrical insulation between them.
A commercial Peltier module, of width 4 mm, was used to
heat or cool the side of the Pt (Ta) layer while the substrate
was maintained in thermal contact with a copper block at room
temperature. The temperature difference 	T across the sample
is measured with a differential thermocouple.

Figure 2(b) shows the ANE voltage versus magnetic field
measured in the Py layer with thickness 30 nm, for several
values of the temperature difference 	T , all with the Peltier

214421-4



LONGITUDINAL SPIN SEEBECK EFFECT IN PERMALLOY . . . PHYSICAL REVIEW B 95, 214421 (2017)

module warmer than the Si substrate (	T > 0). The data
have the shape of the hysteresis curve of Py with very small
coercitivity in the field scale of the measurements. The change
in sign of the ANE voltage with field reversal is due to the
change in the polarization. Figure 2(c) shows the ANE voltage
as a function of the temperature difference 	T measured with
a field of H = 0.5 kOe in two opposite directions. Note that
the resistance of the Py layer, shown in the figure, is the one
corresponding to the length of the Peltier element, which is
1/2 the value measured between the electrodes. Figure 2(d)
shows the field angle dependence of the ANE voltage measured
with H = 0.5 kOe and 	T = +12 K. Figure 3 shows the
ANE voltage measured in the Py layer of the trilayer sample
Py(30 nm)/NiO(5 nm)/Pt(6 nm). The data of Figs. 2 and 3 are
almost identical, demonstrating that the voltage measurements
in the Py layer of the trilayer samples correspond to the
anomalous Nernst effect, with no interference of the insulating
NiO layer.

The data of Figs. 2 and 3 show that, as expected from
the equation for the ANE, �EANE = −αN σ̂ × ∇⊥T , the voltage
varies linearly with temperature and changes sign with the
field reversal. Figures 2(d) and 3(d) show that the angle
dependence of the voltage is described by the function cos φ,
as predicted by the vector product in the ANE equation.
From the data we can obtain the anomalous Nernst coefficient
using the relation αN = VANE tPy/(L	TPy), where L is the
length of the Py film under the Peltier module, tPy is the
film thickness, and 	TPy is the temperature difference across
the film, with the sign as defined before. The temperature
difference across the Py film is related to the one measured
across the sample by 	TPy ≈ (tPy KSi/tSi KPy)	T , where KPy

and KSi are the thermal conductivities of Py and Si, so
that αN = VANE tSi KPy/(LKSi	T ). Using the values 	T =
+12 K, VANE = 1.85 μV, L = 4 mm, tSi = 0.4 mm, KSi =
148 W/(K m), KPy = 46.4 W/(K m) [44,45], we obtain αN =
4.8 nV/K, which is similar to values measured by other authors
[19].

In the Py/NiO/NM trilayer, the temperature gradient across
the Py layer has two effects: One is to generate a voltage in
the plane by the ANE, as demonstrated by the data in Figs. 2
and 3, the other is to produce a spin current by the longitudinal
spin Seebeck effect, as presented in Sec. II, that is transported
through the NiO layer and is detected in the NM layer as an
electric voltage resulting from the spin-to charge conversion by
the ISHE. As shown in Ref. [33], the spin current density JS(0)
produced by the LSSE is injected in the Py/NiO interface, is
transported through the NiO layer (thickness t) by the diffusion
of antiferromagnetic magnons, and reaches the interface at y =
t with a value proportional to JS(0), given by JS(t) = Ft JS(0),
where

Ft = c [sinh(t/lm) + c cosh(t/lm)]−1, (24)

where c = g
↑↓
2effb lm/Dm is a dimensionless parameter propor-

tional to the spin-mixing conductance of the interface at y = t ,
Dm and lm are the diffusion constant and length of the magnon
accumulation in NiO, and b is a factor involving integrations
over the first Brillouin zone. The spin current �JS(t) reaching
the NM layer produces a charge current with density given by
�JC = θSH �JS(t) × σ̂ , where θSH is the spin Hall angle, so that

FIG. 4. (a) and (b) Variation with magnetic field of the dc
ISHE-SSE voltage measured in the Pt layer created by the spin
Seebeck effect in the Py layer for four values of 	T as indicated.
(c) Variation with temperature difference of the SSE voltage in the
Pt layer measured with H = 0.5 kOe in two field directions. (d)
Variation of the SSE voltage with the magnetic field angle φ measured
with H = 0.5 kOe and 	T = +12 K. Solid curve is a fit with A cos φ.

the voltage measured in the NM layer corresponds to the spin
current due to the LSSE in the Py layer reduced by the factor
Ft which we denote by V F

SSE = FtVSSE.
The LSSE in Py is demonstrated by the data in

Figs. 4 and 5. Figures 4(a) and 4(b) show the voltage
versus magnetic field measured in the Pt layer of the
Py(30 nm)/NiO(5 nm)/Pt(6 nm) sample, for several values
of the temperature difference 	T . This voltage is produced by
the charge current resulting from the ISHE conversion of the
spin current generated by the thermal gradient across the Py
film that is injected into the Py/NiO interface and transported
across the NiO layer. Figure 4(c) shows the SSE voltage V F

SSE
as a function of the temperature difference 	T measured with
a field of H = 0.5 kOe in two opposite directions. As expected
from the equation for the SSE, the voltage varies linearly
with temperature and changes sign with the field reversal.
Figure 4(d) shows the voltage measured with H = 0.5 kOe
and 	T = +12 K as a function of the in-plane field angle,
showing the cos φ dependence expected from the cross product
�JS × σ̂ . In regard to the sign of the spin current produced

by the LSSE in the Py layer, we note that for the field in
the +z direction, a positive temperature gradient in the +y

direction creates a charge current in the −x direction (negative
voltage). Since the spin Hall angle of platinum is positive,
the spin current is in the −y direction, which is the same as
observed in the LSSE in YIG/Pt bilayers [46,47]. In order to
confirm the origin of the voltage in the NM layer, we have
made measurements in a trilayer sample using Ta instead of
Pt for the NM material, since it is known that it has a negative
spin Hall angle [10,12]. Figure 5 shows voltage measurements
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FIG. 5. (a) Variation with temperature difference of the ANE
voltage measured in the Py layer in the trilayer sample
Py(30 nm)/NiO(5 nm)/Ta(6 nm) with H = 0.5 kOe in two field
directions. (b) Variation with magnetic field of the SSE voltage
measured in the Ta layer created by the spin Seebeck effect in
the Py layer for four values of 	T as indicated. (c) Variation with
temperature difference of the SSE voltage in the Ta layer measured
with H = 0.5 kOe in two field directions. (d) Variation of the SSE
voltage with the field angle φ measured with H = 0.5 kOe and
	T = +12 K. Solid curve is a fit with A cos φ.

made in the Py(30 nm)/NiO(5 nm)/Ta(6 nm) trilayer sample.
Figure 5(a) shows the voltage in the Py layer as a function
of the temperature difference 	T , measured with a field of
H = 0.5 kOe in two opposite directions. The measured values
are very similar to those in Figs. 2(c) and 3(c), in sign and
magnitude, showing that the origin of the voltage is in the
anomalous Nernst effect. However, the data in Figs. 5(b), 5(c),
and 5(d) show signs that are opposite to those measured in the
Py(30 nm)/NiO(5 nm)/Pt(6 nm) sample, consistent with the
conversion by the ISHE in Ta with negative spin Hall angle,
of a spin current produced in the LSSE in Py. Note that the
amplitude of the voltages in Ta is 1.3 times the ones measured
in Pt. This value is approximately the same as the ratio of the
two resistances, which is consistent with the fact the spin Hall
angles in Ta and Pt are similar in amplitude [10].

Another confirmation of the separation of the longitudinal
spin Seebeck effect in Py from the anomalous Nernst effect
is provided by measurements of the ANE and SSE voltages
in samples with varying thickness of the Py film. This was
carried out in samples with a single Py film and with Py/NiO/Pt
trilayers. Figure 6(a) shows the ANE charge currents, obtained
by dividing the measured voltages by the resistances of the
Py layers in the length of the Peltier element (4 mm), as
a function of 	T , for H = ±0.5 kOe. The variation of the
measured current with the Py film thickness is shown in
Fig. 6(b) for 	T = +12 K. Similar measurements made in
single Py films exhibit almost identical results. The measured
linear dependence of the ANE current on the Py thickness

FIG. 6. (a) ANE current versus temperature difference measured
in five samples of Py/NiO/Pt with varying Py thickness, with H =
0.5 kOe in two field directions. (b) Symbols represent the variation
with Py layer thickness of the ANE current measured with 	T =
+12 K while the solid line is a fit with a linear dependence. The
inset shows the measured resistance of the Py layers and a fit with
C/tPy. (c) SSE current versus temperature difference measured in
the same five samples with H = 0.5 kOe in two field directions.
(d) Symbols represent the variation with Py layer thickness of SSE
current measured with 	T = +12 K while the solid line is a fit with
the thickness factor ρ(tPy).

is explained by the fact that the charge current density is
JANE = σPy EANE, where σPy is the electric conductivity of Py.
Since αN does not vary with the Py thickness, the ANE charge
current IANE = w tPyJANE is proportional to the Py thickness,
as demonstrated in Fig. 6(b).

Figures 6(c) and 6(d) show that the dependence of the SSE
current on the Py thickness is very different from the ANE and
is qualitatively similar to the SSE measured in the insulating
ferrimagnet yttrium iron garnet (YIG), a standard material
used in studies of the longitudinal spin Seebeck effect (LSSE)
[34,35,46–48]. Figure 6(d) shows a solid curve representing
the best fit to data of the expression IF

SSE = Aρ(tPy), where
ρ(tPy) is the thickness factor given by Eq. (18). The least-square
deviation fit to the measurements with 	T = +12 K gives
A = 26.8 nA and lsf = 6.7 nm. The good fit of theory to data
represents another confirmation of the LSSE origin of the spin
current detected in the Pt layer.

IV. INTERPRETATION AND DISCUSSION

Initially we use the data of Fig. 4 to compare the values
of the spin-Seebeck coefficients of Py/Pt with that of the
reference system YIG/Pt. Measurements similar to those in
Figs. 4 and 5, done in a GGG/YIG(6 µm)/Pt(6 nm) bilayer
as in Refs. [34,35,47], with 	T = +6 K gives a voltage of
VSSE = 2.2 μV. With the resistance of 75.2 � of the Pt layer
in the length of the Peltier module (4 mm), this corresponds
to a current ISSE = 29.2 nA. Since the Pt layer is very thin
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and the thermal conductivities of YIG and GGG are almost
the same, the temperature gradient across the YIG film is
equal to the one across the GGG/YIG/Pt structure, ∇T⊥ =
	T/d, where d = 0.5 mm is the thickness of the sample.
From the SSE current measured in YIG/Pt we calculate the
spin-Seebeck coefficient with SS−YIG/Pt = ISSE d/	T , which
gives SS−YIG/Pt = 0.24 nA cm/K. The calculation of the SSE
coefficient for Py requires that we first consider the effect
of the NiO layer, as explained earlier. From spin pumping
measurements in samples with three different NiO layer
thicknesses tNiO and fit with the theoretical expression of
Ref. [33], extrapolation to tNiO = 0 shows that the spin current
in the Py/NiO interface is 3.1 times the one reaching the
Pt layer. Thus, from the data of Fig. 6(d), we infer the
SSE current of Py/Pt bilayer for 	T = +6 K, ISSE = 3.1 ×
26.8 = 83.1 nA. As argued earlier, the temperature difference
across the Py film is related to the one measured across the
sample by 	TPy ≈ (tPy KSi/tSi KPy)	T , so that SS−Py/Pt =
ISSE tSi (KPy/KSi)/	T . Using the values 	T = +6 K, ISSE =
83.1 μV, tSi = 0.4 mm, KSi = 148 W/(K m), and KPy =
46.4 W/(K m), we obtain SS−Py/Pt = 0.22 nA cm/K, which is
quite close to the value for YIG/Pt.

We now compare the measured spin Seebeck coefficient
for Py/Pt with the value calculated with the thermoelectric
spin diffusion model, given by Eq. (23). Use the following pa-
rameters for permalloy: λsf = 6.7 nm (measured here); Fermi
energy εF = 1.44 × 10−11 erg [49]; free electron concentra-
tion ne = 2.75 × 1023 cm−3 [50]; exchange splitting energy
	(T = 0) = 2.16 × 10−13 erg [51]. We consider a parabolic
energy band so that the density of states can be calculated
with N (εF ) = (1/2π )2 (2m/h̄)3/2ε

1/2
F , from which we obtain

N (εF ) = 6.44 × 1033 g3/2 erg−5/2 s−3. We also consider that
the exchange splitting 	(T ) is proportional to the magneti-
zation M(T ) [38,52] and that M(0) − M(T ) = cM T 3/2M(0)
[52]. Using the measured M(T ) [53] we obtain ∂	(T )/∂T =
−8.13 × 10−17 erg/K. Using for platinum [10] λN = 3.7 nm,
θSH = 0.05, tN = 6 nm, w = 0.015 cm and using for the

spin mixing conductance g
↑↓
eff = (3 ± 2) × 1014 cm−2, we

obtain with Eq. (23) the spin Seebeck coefficient SSSE =
0.33 ± 0.23 nA cm/K. The value measured experimentally,
SS−Py/Pt = 0.22 nA cm/K, falls within this range, demonstrat-
ing very good agreement between theory and experiments.

In summary, we have demonstrated that it is possible to
observe and measure the spin Seebeck effect in the longitudinal
configuration (LSSE) in the metallic ferromagnet N81Fe19

(permalloy-Py) separated from the anomalous Nernst effect
(ANE). By using trilayer samples of Py/NiO/Pt under a
perpendicular temperature gradient, one can generate a spin
current in Py that is transported through the NiO layer into
the Pt layer where it is converted into a charge current
by the inverse spin Hall effect. The ISHE was detected
by a voltage signal in the Pt layer while the ANE was
measured by the voltage induced in the Py layer. The use of
the antiferromagnetic insulator NiO layer provides electrical
insulation between the Py and Pt layers while maintaining
spin current contact making possible the separation of the two
effects. The measured spin Seebeck coefficient for Py has a
value similar to the one for the ferrimagnetic insulator yttrium
iron garnet, with the same sign, and is in good agreement with
the value calculated with a thermoelectric spin drift-diffusion
model.
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