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Abstract—We report an experimental study of the longitudinal spin Seebeck effect (LSSE) of a Fe thin film with a Pt
detection layer. By varying the Fe thickness, we find that the anomalous Nernst effect (ANE) of Fe changes sign and
vanishes at about 4.8 nm. This provides a unique opportunity to study the LSSE where the influence of ANE is absent.
The addition of a 3 nm Pt layer produces a considerable thermal voltage, which comes from the LSSE of Fe solely. The
opposite signs of thermal voltages in Pt/Fe and W/Fe bilayer structures confirm that the signal is dominated by LSSE
because Pt and W have opposite signs of spin Hall angle. In conjunction with the Pt-thickness-dependent measurement
of effective spin-mixing conductance of Fe/Pt films, we estimate the spin Seebeck coefficient of Fe.
Index Terms—Spin electronics, anomalous Nernst effect, longitudinal spin Seebeck effect, spin Hall effect, spin Seebeck coefficient.

I. INTRODUCTION
The generation of pure spin current continues to play an important
role in spintronics [Wolf 2001] and spin caloritronics [Bauer 2012].
Among various methods, the spin Seebeck effect (SSE) provides a
versatile and easy route to convert thermal energy into a spin signal
[Uchida 2008]. It has been demonstrated that SSE can be incorporated into thermoelectric and touch screen devices [Uchida 2014].
SSE refers to the spin version of the Seebeck effect. It describes the
generation of pure spin current resulting from a temperature gradient.
It can be measured in two geometries, i.e., the transverse SSE (TSSE)
[Uchida 2008] and the longitudinal SSE (LSSE) [Uchida 2010a]. In
TSSE, the temperature gradient is applied within the sample plane, and
spin current diffuses perpendicularly to the sample plane into a material with large spin–orbit coupling such as Pt and results in an electrical
voltage via the inverse spin Hall effect (ISHE) [Saitoh 2006]. TSSE
has been reported in ferromagnetic conductors [Uchida 2008], insulators [Uchida 2010b], and semiconductors [Jaworski 2010], though
there is still an ongoing debate about the existence of TSSE [Avery
2012, Schmid 2013]. In LSSE, both spin current and temperature gradient are along the out-of-plane direction [see Fig. 1(b)]. The obtained








electric field is E ∝ σ × J s , where σ is the spin index parallel to the




magnetization M, and J s is the pure spin current with its flow direction parallel to the temperature gradient ∇T . LSSE was demonstrated
for the first time in a yttrium-iron-garnet (YIG)/Pt system [Uchida
2010a] and has been widely studied in various magnetic insulators
where only magnon spin current is involved [Uchida 2010a, Kikkawa
2013b, Giles 2017]. Magnetic metals and semiconductors, however,
are known to have anomalous Nernst effect (ANE) [Miyasato 2007,
Pu 2008]. Under the out-of-plane temperature gradient, the ANE can




be described by E ANE ∝ M × ∇T [see Fig. 1(a)]. Thus, it has exactly
the same symmetry as LSSE. This makes them indistinguishable with
respect to each other. Therefore, most studies of LSSE are limited
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Fig. 1. Schematic illustrations of thermal voltage measurements under
an external magnetic field. (a) FM single-layer geometry. (b) FM/heavy
metal bilayer geometry. In (a), only a ferromagnetic layer is used, and
the voltage corresponds to the ANE. In (b), a bilayer consisting a heavy
metal and ferromagnetic layer is used. There is an additional contribution to the thermal voltage from the combined effect caused by LSSE
and ISHE. Thus, the voltage signal is the sum of both.

to ferromagnetic insulators where the ANE is absent. Despite the fact
that the ferromagnetic metals are commonly used in current spintronic
devices, the detection and study of LSSE in them is still rare.
Until very recently, only a few works began to discuss the LSSE
in ferromagnetic metals. For instance, the LSSE in Permalloy (Py)
(Nix Fe100−x ) with zero contribution from ANE by tuning the ratio
of Ni to Fe has been studied in Kannan [2017]. In Holanda [2017],
the thermal signals of Py/NiO/Pt and Py/NiO/Ta trilayer structures
have been studied, where NiO acts as a spin current channel but
prevents the flow of charge current. The SSE coefficient as the ratio
between charge current in the Pt layer with respect to the temperature
gradient has been defined. One disadvantage of this definition is that
it varies with the property of the FM-NM interface and NM material,
where FM is the ferromagnet and NM is the nonmagnetic material.
The same FM material would have different (even opposite sign)
SSE coefficients when the NM layer/interface is different [Qu 2014].
The SSE coefficient, however, should be an intrinsic parameter of
FM material itself. To resolve this issue, we characterize the SSE
coefficient by the ratio between the generated spin current density
in FM layer with respect to the temperature gradient. We present a
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Fig. 2. (a) Magnetic-field-dependent VANE of Fe at three representative thicknesses. All data are obtained with T = 12.6 K applied
along the +z-direction. (b) Fe-thickness dependence of the saturation value of VANE . Red circle/black square points are the ANE of Fe
with and without MgO capping layer. The blue solid line shows a fitb
b
ting using VANE = VANE
+ (VANE s /t) with VANE
= −0.86 ± 0.13µV and
s
VANE
= 3.85 ± 0.81µV, respectively.

quantitative study of LSSE in a single-element, ferromagnetic metal,
ultrathin film of Fe. By varying the Fe thickness, ANE of Fe changes
sign and vanishes at about 4.8 nm. The interface-induced ANE is
also excluded by MgO- and Cu-capped control samples. The opposite
sign of the thermal voltages in Pt/Fe and W/Fe bilayer structures
also confirms that the signal is dominated by LSSE, since Pt and W
have opposite sign in the spin Hall angle. Using Fe/Pt as an example
system, we further characterize the effective spin-mixing conductance
and interface spin loss (ISL) of the Pt-Fe interface by the ferromagnetic
resonance (FMR) measurements of both Fe and Fe/Pt films. Assuming
Pt does not significant change ANE of Fe, we estimate the spin Seebeck
coefficient of Fe.

II. EXPERIMENTS AND RESULTS
In this letter, all samples are 5 mm × 0.2 mm stripes deposited onto
0.5 mm thick sapphire (0001) substrates by dc magnetron sputtering
at a base pressure 2 × 10−5 Pa. Prior to the sputter deposition, the
substrates are ultrasonically cleaned with acetone followed by ethanol
and finally deionized water, all at the power of 100 W. The distance
between the sputtering source and the substrate is around 65 mm.
The deposition rates for all metals are ∼0.1 nm/s with Ar pressure
∼0.5–0.8 Pa. In order to avoid the oxidation of Fe, we performed
all measurements in a dry atmosphere immediately after taking the
samples out. Control samples with MgO and Cu capping are also performed. Both ends of the samples were connected to Cu electrodes
with a separation of 4 mm for the voltage measurements via a Keithley
nanovoltmeter 2182 A. The samples were placed in between an insulating resistance heater with the dimension of 40 mm × 12 mm and
a large Cu block, which is maintained at room temperature. In such
configuration, a stable vertical temperature gradient can be established
and monitored with attached thermocouples. The in-plane temperature
difference across the samples is smaller than 0.1 K, which is obtained
by thermocouple.
The measured VANE of the Fe stripes as a function of the transverse
magnetic field under vertical temperature gradient for three representative thicknesses is presented in Fig. 2(a). We note that the measured
voltage may contain a small contribution of the SSE of Fe itself. The
temperature difference T across the whole sample is 12.6 K unless
specified. Notice that 6 nm Fe exhibits a negative ANE at positive field
with a magnitude of −0.31 ± 0.02 µV and reverses sign at negative

field, which is consistent with the ANE of bulk Fe [Chuang 2017].
The exact value of the measured ANE voltage relies on the exact
temperature gradient acting on Fe. Therefore, it is not surprising that
our values are not in agreement to Chuang [2017] while the overall
behavior is consistent. The ANE signal of 3 nm Fe shows the opposite
behavior, which is positive at positive field, whereas for 4.8 nm Fe the
ANE signal vanishes.
The VANE is negative and almost thickness independent for Fe films
thicker than 8 nm [see Fig. 2(b)]. With decreasing tFe , VANE increases
and crosses zero at ∼4.8 nm, and monotonously increases further
with the thickness down to 3 nm. The sign reversal of ANE could
be explained by the thickness-dependent Seebeck coefficient Sx x of
Fe, as reported in Chuang [2017]. In general, the ANE-produced voltage VANE ∝ θANE Sx x M × ∇T were θANE is the ANE angle, M is the
magnetization direction, and ∇T is the temperature gradient. When the
film thickness is comparable to or less than the carrier mean free path,
the Seebeck coefficient could be significantly influenced by surface
scattering. This behavior can be described by the mean free path model
Sx x (t) = Sg (1 − b/t) [Pichard 1980], where Sg is the bulk Seebeck coefficient and b is the parameter related to surface and grain-boundary
scattering. Therefore, the Sx x could change its sign when the film thickness is thin enough owing to significant surface scattering. Thus, we
b
and
can also decompose the ANE signal into a bulk contribution VANE
s
b
with VANE
+ (VANE s /t Fe ) [Kannan 2017].
a surface contribution VANE
Fitting with this equation (blue curve) reproduces the experimenb
s
= −0.86 ± 0.13μV and VANE
= 3.85 ± 0.81μV,
tal data with VANE
suggesting that the phenomenological model provides a reasonable
description. The ANE data for Fe with or without a capping layer fall
into almost the same curve [see Fig. 2(b)]. The ANE of Fe with 2 nm
MgO capping layer vanishes at about the same thickness as for without
MgO capping ∼ 4.8 nm, strongly suggesting a negligible influence of
Fe oxidation at atmosphere. The absence of ANE is particularly important, since it provides an ideal platform for the study of LSSE
in Fe.
In the following, we demonstrate the existence of LSSE in
Fe(4.8 nm) where the influence of ANE in Fe is excluded. As shown
in Fig. 3(a), Fe(4.8 nm)/Pt(3 nm) exhibits a positive thermal voltage of
0.55 ± 0.01 µV after saturation. The signal from Fe(4.8 nm)/Pt(3 nm)
is significantly larger than that from Fe(4.8 nm), which is almost zero.
The obtained thermal voltage from Fe(4.8 nm)/Pt(3 nm) is proportional to the temperature gradient [see Fig. 3(d)]. The sharp increase
of thermal voltage in Fe(4.8 nm)/Pt(3 nm) is due to the spin current
injected into Pt from LSSE in Fe. Reversing the growth sequence
of Pt and Fe does not change any properties except a slight variation in coercivity [see Fig. 3(a)]. This is because the heat flow is
always from top to bottom; meanwhile the spin current direction is
also fixed. In a control sample, Fe(4.8 nm)/Cu(1 nm) exhibits negligible voltage < 0.03 µV, evidencing that the Fe-Cu interface has
no ANE contribution [see Fig. 3(a)]. We also provide the atomic
force microscopy images of Fe(4.8 nm) and Fe(4.8 nm)/Cu(1 nm)
and both samples have roughness ∼0.1 nm; see Fig. 3(b) and (c).
This proves that 1 nm of Cu is sufficient to separate Fe and Pt
in Fe(4.8 nm)/Cu(1 nm)/Pt(3 nm) where a significant thermal voltage of 0.42 ± 0.02 µV was measured. As the upper and lower
surface of Fe remain unchanged in Fe(4.8 nm)/Cu(1 nm)/Pt(3 nm)
as compared with Fe(4.8 nm)/Cu(1 nm), the change of ANE is
expected to be small. Thus, this validates that the thermal voltage in
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G ↑↓ can be calculated from the effective spin-mixing conductance,
which is obtained through FMR measurements and will be discussed
ahead [Chen 2015a, 2015b, Tao 2018]


↑↓
= G ↑↓ 1 − (1 − δ)2 ε with
geff

2 lm f
tN
.
(2)
tanh
ε = G ↑↓ / G ↑↓ + k 2F
3 λsd
λsd
Due to spin diffusion and spin relaxation, the spin current decays
away from the interface into the NM layer. Using the spin diffusion
equation with the boundary condition JS (t = tPt ) = 0 leads to a spin
current density at position t as [Tserkovnyak 2005]
JS (t) = JS (0)

sinh[(tPt − t)/λsd ]
.
sinh tPt /λsd

The charge current obtained via the ISHE is JC (t) = θSH 2e
J (t), where
 S
θSH is the spin Hall angle and  is the reduced Plank constant. By
integrating the current along the Pt thickness, the thermal voltage can
be obtained as
Fig. 3. (a) Comparison between the field dependence of thermal voltage at T = 12.6 K for various samples. The data have been shifted for
clarity. (Right) Three-dimensional atomic force microscopy image of (b)
Fe(4.8 nm) and (c) Fe(4.8 nm)/Cu(1 nm) on sapphire substrates. Both
samples have similar roughness of ∼0.1 nm. (d) T dependence of V
between the ends of the Fe(4.8 nm)/Pt(3 nm) wire, and the temperature
difference is applied along the +z-direction.

Fe(4.8 nm)/Cu(1 nm)/Pt(3 nm) is indeed from LSSE in Fe, although the
thermal voltage is slightly decreased compared to Fe(4.8 nm)/Pt(3 nm).
It is well known that W has a negative spin Hall angle [Pai 2012],
implying that a reversed sign in thermal voltage should be obtained if
W is the detecting layer. In order to obtain the beta-phase W that possesses a large spin Hall angle, we deposit W onto sapphire substrate.
As expected, W(3 nm)/Fe(4.8 nm) and W(2 nm)/Fe(4.8 nm) exhibit
negative voltages about −1.49 ± 0.02 µV and −0.98 ± 0.02 µV,
respectively [see Fig. 3(a)]. The sign change of the thermal voltage between Pt/Fe and W/Fe also validates the existence of SSE
in Fe.
In the following, we continue to discuss the quantification of the
SSE coefficient of Fe, which was not addressed in previous studies.
The SSE coefficient is defined as the amount of pure spin current
density generation per unit temperature gradient, i.e., S = JSSE /∇TFe ,
where ∇TFe is the temperature gradient across the Fe layer. Taking
into account the ISL and spin backflow from the Pt layer, the spin
current density injected into the Pt layer at t = 0 nm can be described
by [Chen 2015a, 2015b, Tao 2018]
⎡
⎤
↑↓
G
⎦ (1 − δ)
JS (0) = JSSE ⎣1 −
l
G ↑↓ + 23 k 2F m f tanh( t Pt )

λsd

= JSSE (1 − ε)(1 − δ).

λsd

(1)

The term ε denotes the spin backflow factor in the Pt layer, δ is
the parameter characterizing the ISL and is between 0 (no loss) and 1
(complete loss), G ↑↓ is the spin-mixing conductance of Pt-Fe interface,
and lmf , λsd , t Pt = 3 nm, and k F = 5.7 × 1010 m−1 [Deorani 2013] are
the mean free path, spin diffusion length, thickness, and Fermi wave
vector, all of the Pt layer, respectively. The spin-mixing conductance

VSSE = JS (0)

2Rwλsd eθSH tanh


tPt

λ

2 sd

(3)

where w and R are the width and the resistance of the sample, respectively. Therefore, in order to obtain the SSE coefficient of Fe, one also
needs to know the values of θSH and λsd of Pt, as well as the effective
↑↓
of the Pt-Fe interface.
spin-mixing conductance geff
The dynamic properties were studied utilizing FMR and spin rectification effect. The samples were placed on top of a coplanar waveguide, with an in-plane magnetic field H , and excited by a microwave
field. Due to the anisotropic magnetoresistance, the electrical resistance also varied with time as the magnetization precessed. The timedependent resistance multiplied by the induction current results in a
spin rectification voltage. Fig. 4(a) shows the measured spin rectification voltage as a function of the in-plane field with an amplitude
of A, where H is applied within the sample plane. By fitting it with
the symmetrical Lorentzian function, we obtained the resonance field
H R and the linewidth H , which is the half-width at half-maximum
of the resonance peak. We performed similar measurements at different frequencies and obtained the frequency-dependent H R [see solid
symbols in Fig. 4(b)]. Fitting with the Kittel equation [see red line
in Fig. 4(b)], we obtained the effective magnetization of Fe(4.8) as
4π Ms = 16.19 ± 0.23 kG. The damping factor α of Fe (Fe/Pt) can
also be obtained from the linear fitting of the frequency-dependent
H through H = H0 + 2π α f /γ [Mosendz 2009]; see Fig. 4(c).
In the Fe/Pt bilayer, under the FMR condition, spin current is also
pumped from Fe into Pt, resulting in an enhanced H in comparison
to that of the Fe single layer. The effective spin-mixing conductance
of the Pt(3)-Fe interface
↑↓
=
geff

4π Ms tFe
(αFe/Pt − αFe )
gμ B

was calculated to be (3.24 ± 0.046) × 1019 m−2 , which is similar to
that reported in Papaioannou [2013]. In order to obtain the ISL parame↑↓
for Fe(4.8)/Pt(t).
ter δ, we performed Pt-thickness measurement of geff
↑↓
Fitting the curve with (2) yields G = (3.55 ± 0.17) × 1019 m−2 ,
δ = 0.06 ± 0.06, indicating that about 6% of the injected spin current
is lost at the Pt-Fe interface.
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III. DISCUSSION

Fig. 4. (a) Typical spin rectification curve obtained at 12 GHz with the
symmetrical Lorentzian function fitting in red curve. (b) Ferromagnetic
resonance frequency versus magnetic field of Fe(4.8 nm)/Pt(3 nm) extracted from the spin rectification effect measurements. The solid line is
the fitting using the Kittel equation. (c) FMR linewidth versus resonance
frequency measured in Fe(4.8 nm)/Pt(3 nm) and Fe(4.8 nm). The solid
↑↓
lines are linear fittings.(d) Pt thickness dependence of the value of geff .
The red solid line shows a fitting using (2).

The resistances of Fe(4.8) and Fe(4.8)/Pt(3) are 2.92 and 1.41 k ,
respectively. Through the shunting relationship, the resistivity of Pt
was estimated to be ∼3.27 × 10−7 ·m, and the mean free path was
calculated to be 2.5 nm according to the Sommerfeld theory [Ashcroft
1976]. With the reported values of θSH = 0.03 and λsd = 8 nm [Tao
2018], we further calculated the injected spin current density into the
Pt layer to be JS (0) = (1.45 ± 0.03) × 10−11 J/m2 , and ε = 0.064
using (1)–(3), assuming Pt does not significant change ANE of Fe.
Therefore, the generated spin current density within the Fe layer was
estimated to be JSSE = (1.77 ± 0.13) × 10−11 J/m2 .
In order to quantify the SSE coefficient of Fe, the temperature
difference across the Fe layer is still needed. This can be calculated
by [Bergman 2011, Holanda 2017]
tFe /K Fe
K Al2 O3 tFe
T ≈
T
TFe =
tPt /K Pt + tFe /K Fe + tAl2 O3 /K Al2 O3
K Fe tAl2 O3
where tPt , tFe , and tAl2 O3 are the thicknesses of Pt and Al2 O3 , and
K Pt , K Fe , and K Al2 O3 are the thermal conductivities of Pt, Fe, and
Al2 O3 , respectively [Ashcroft 1976, Cahill 1998]. In it, the thermal conductance of the interface is assumed to be zero due to its
ultrasmall thickness. As our transport was along the perpendicular direction, the surface scattering from the side walls can be neglected due to the large width (0.2 mm). Thus, we expect that the
bulk thermal conductivity is a reasonable estimation for the perpendicular thermal conductivity. This approximation is also adopted in
other perpendicular thermal transport experiments [Kikkawa 2013a,
Holanda 2017]. Using K Pt = 67 W/(m·K), K Fe = 80 W/(m·K), and
K Al2 O3 = 25 W/(m·K) [Ashcroft 1976, Cahill 1998], we obtained
the temperature gradient across Fe to be ∇TFe = 7.88 K/mm. Thus,
we could estimate the SSE coefficient of Fe to be S = JSSE /∇TFe =
(2.25 ± 0.16) × 10−15 J/(m·K).

Due to the very weak spin–orbit coupling of Cu and our limited
experimental sensitivity, we could not measure the spin loss of the
Fe/Cu/Pt trilayer system directly at the present stage. Instead, we estimated it by comparing the amplitude of the converted charge current
(the obtained thermal voltage divided by the resistance) of Fe/Pt(3 nm)
and Fe/Cu(1 nm)/Pt(3 nm) (1.26 k ). Considered the spin loss of
Fe/Pt is 0–12%, the estimated spin loss in Fe/Cu(1 nm)/Pt(3 nm)
is 9–30%, which qualitatively agrees with the reported 26–78% for
Co/Cu(5 nm)/Pt in Rojas-Sánchez [2014].
It is also interesting to compare the SSE coefficient of Fe with that
of YIG. A value of VLSSE = 10 µV for 3 nm Pt on YIG slab with
the length L = 5 mm under ∇T = 20 K/mm, namely, VLSSE /(L ·
∇T ) = 0.1 µV/K, has been reported in Miao [2014]. A similar value
is reported in Guo [2016], where the authors found VLSSE /(L · ∇T ) <
0.3 µV/K at room temperature. In this letter, VLSSE = 0.55 ± 0.01 µV
for Fe(4.8 nm)/Pt(3 nm) with temperature gradient ∇T ≈ 7.88 K/mm
and length 4 mm. After considering the shunting effect, VLSSE /(L ·
∇T ) ≈ 0.034 µV/K. If we assume the FM-NM interface properties
are the same, the spin Seebeck coefficient of YIG is estimated to be
∼3–9 times of that of Fe.
In summary, we present a quantitative study of the LSSE of a Fe thin
film. With decreasing Fe film thickness, the ANE vanishes at 4.8 nm.
By fixing the Fe film thickness at 4.8 nm and adding a Pt layer, we
demonstrate the LSSE of Fe, without the influence of ANE. Consistent
with the LSSE and ISHE theory, the thermal voltages change sign
for Pt and W detecting layers. In combination with the spin-mixing
conductance of the Pt-Fe interface, we find that the ISL is ∼6% and
the estimated SSE coefficient of Fe is (2.25 ± 0.16) × 10−15 J/(m·K).
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