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Enhancement of the anomalous Nernst effect in ferromagnetic thin films
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The anomalous Nernst effect (ANE) is one of the most important mechanisms to explore the anomalous Hall
heat current in ferromagnets. In this work, we studied the ANE in various ferromagnetic materials with in-plane
anisotropy. Surprisingly, we show that the thickness dependence of the ANE on the magnitude and sign is
nontrivial, even in conventional ferromagnetic metals (FMs), including Fe, Co, Ni, and Py (Ni80Fe20). While the
sign of the ANE of Fe is opposite to that of Co, Ni, and Py in thicker films, it can even be reversed via decreasing
thickness. Most importantly, the anomalous Nernst angles θANE for these FMs show a unified behavior. They
can be significantly enhanced by up to one order of magnitude in ultrathin films. By systematically studying the
thickness dependence of the electrical and thermal transport properties, we show that the enhanced ANE of FMs
is dominated by spin-orbit coupling through the intrinsic and side-jump mechanisms.
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I. INTRODUCTION

The spin Seebeck effect (SSE) and the anomalous Nernst
effect (ANE) have played a significant role in spin caloritronics
[1,2]. As the relativistic spin-orbit coupling phenomena can
be explored through the interaction between charge, spin,
and heat, the SSE and ANE have attracted a great deal of
attention regarding the generation of pure spin current and
spin-polarized current by a thermal gradient. Furthermore,
the spin-dependent thermal voltage generated by the SSE
and ANE offers an alternative approach to exploiting novel
thermoelectric devices, which might overcome the restriction
of the Wiedemann-Franz law [2]. Although the thermal-energy
conversion efficiency is still small, recent works show that
the superposition of the SSE and ANE in thin films could
dramatically enhance the transverse thermopower in the lateral
thermopile [3–5] or multilayer structure [5–8]. Moreover, a
large ANE was just reported in a noncollinear antiferromagnet
Mn3Sn, despite negligibly small magnetization [9,10]. These
intensive studies on the interplay between thermoelectric
transport and spin configurations have shed light on spin
caloritronics and its applications.

For thin films, it is known that the thickness of a spin
current detector should be comparable to its spin-diffusion
length, typically 1–10 nm; otherwise the SSE signal could
be significantly reduced [11,12]. However, the behavior of the
thickness-dependent ANE remains poorly known [13,14]. The
ANE is the thermal counterpart of the anomalous Hall effect
(AHE) [15] as shown in Fig. 1(a). When a temperature gradient
∇T or an electric gradient ∇V is applied to a ferromagnetic
metal (FM), the electric field E emerges along the direction
perpendicular to both the magnetization and the applied ∇T

or ∇V by the ANE or AHE, respectively. Since the ANE
(AHE) in the FM metal and the spin Hall effect (SHE) in
the nonmagnetic metal both involve the separation of charge
carriers with opposite spins, they share the same origin of spin-
orbit coupling [16]. Consequently, the spin-dependent voltage
induced by the ANE (AHE) in various FMs and that induced
by the SHE in nonmagnetic metals can be of either sign. While
the sign of the SHE is based on the number of electrons on d
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orbitals [17], there is no simple rule to determine the sign of
ANE or AHE in FMs.

In this work, we experimentally demonstrate that the thick-
ness dependence of the ANE signal, not just for the magnitude
but also for the sign, is nontrivial, even in conventional
ferromagnetic materials (FMs), including Fe, Co, Ni, and Py
(Ni80Fe20). We show that the sign of the ANE of Fe is opposite
to that of Co, Ni, and Py in thicker films and can be reversed
via decreasing the thickness. The anomalous Nernst angle
θANE and the conversion efficiency of the spin/charge signal
generated by heat flows, can all be significantly enhanced
in ultrathin films. After systematically studying the thickness
dependence of electrical and thermal transport properties, we
demonstrate that the enhanced θANE of Py is dominated by
skew scattering and that of Fe, Co, and Ni is due to the intrinsic
and side-jump mechanisms. Furthermore, the enhancement of
the ANE in thin ferromagnetic films is strikingly dominant in
the multilayer system.

II. MATERIAL GROWTH, CHARACTERIZATION,
AND EXPERIMENTAL CONFIGURATION

The FMs films, including Fe, Co, Ni, and Py, are grown
on Si or glass substrates by magnetron sputtering at room
temperature. To prevent films from oxidation, a 5-nm MgO
capping layer is deposited by rf magnetron sputtering. Atomic
force microscopy (AFM) is used to measure their thickness
and surface roughness. The resistivity is measured by the four-
probe method. The magnetic properties, including the magne-
tization (M) and magnetic hysteresis loops, are investigated
with vibrating sample magnetometer (VSM). To generate a
thermally spin-polarized current by the ANE, we employ the
longitudinal experimental setup with a uniform out-of-plane
temperature gradient (∇Tz), as shown in Fig. 1(b) [18,19].
The temperature gradient is measured with thermocouples.
To reduce systematic errors, we use a constant power with
the same heat flux density instead of a constant temperature
difference to conduct the measurement [20–22]. An external
in-plane magnetic field (H) is used to align the magnetization
of all FMs. Note that the measurement resolution of thermal
voltage is less than 0.05 μV, which is much smaller than the
data symbol size.
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FIG. 1. (a) Schematic diagrams of the anomalous Nernst effect
(ANE) with a thermal gradient ∇T and the anomalous Hall effect
(AHE) with an electric field gradient ∇V . The electric field E
emerges along the x direction perpendicular to both the magnetic
field (H ) in the z direction and the applied ∇T or ∇V in the y

direction by the ANE or AHE, respectively. (b) Schematic of ANE
measurement with the temperature gradient along the z axis (∇Tz)
and the magnetization in the x-y plane. (c) Thickness dependence of
resistivity (ρ) and (d) thickness dependence of saturation magnetiza-
tion (Ms) for different ferromagnetic materials, including Fe, Co, Ni,
and Py. The sold lines are a fit to the results. The inset in (d) shows
the linear fit to the thickness-dependent magnetization.

Figures 1(c) and 1(d) show the electrical resistivity (ρ)
and the saturation magnetization for a series of films with
different thicknesses (t), including Fe, Co, Ni, and Py. For
all FM films, the resistivities are constant in thick layers
with values around 26, 20, 22, and 24 μ� cm, respectively
[23–25], and they systematically increase with decreasing
thicknesses to a few hundreds of μ� cm in the thinnest
films. The behavior of thickness-dependent resistivity can be
well fitted with solid lines by taking into account the surface
and grain-boundary scattering within Matthiessen’s rule [26].
The saturation magnetization per unit volume (Ms) in thick
layers of Fe, Co, Ni, and Py is about 1.7, 1.4, 0.5, and
0.8 × 103 emu/cm3 respectively, which are all consistent with
that of the bulk values. Figure 1(d) shows that Ms decreases
with decreasing thickness, because of the finite size effect.
They cross zero at the criticalthicknesses, which are 1.4, 1.1,
2.3, and 2.2 nm with an error bar of about ±0.25 nm for Fe,
Co, Ni, and Py, respectively, from the intercept of the linear
fitting in the inset of Fig. 1(d). Thin films, whose thicknesses
are larger than 20 nm with bulk properties, are considered to
be in the bulk region in this study.

III. RESULTS AND DISCUSSION

The spin-polarized current can be detected as an electro-
motive force E by means of the ANE in FMs, and can be
described by the following formulas [27],

E = −Qs4π Ms × ∇T (1)

= −Sxym × ∇T (2)

= θANESxxm × ∇T , (3)

FIG. 2. (a) Anomalous Nernst signal of Fe, Co, Ni, and Py (left
y axis) as a function of magnetic field for the thicker and thinner
films and magnetic hysteresis loop of Fe, Co, Ni, and Py measured
by VSM (right y axis and solid black curves) for a thicker film.
(b) Normalized anomalous Nernst signal as a function of thickness
of Fe, Co, Ni, and Py.

where Qs is the ANE coefficient, Sxy is the transverse Seebeck
coefficient, m is the unit vector of the magnetic moment,
Sxx is the longitudinal Seebeck coefficient, and θANE is the
anomalous Nernst angle. In addition, according to Ohm’s law,
the electric field should also be proportional to the product
of current density and resistivity. Since the electrical and
magnetic properties are both thickness dependent, the property
of thermal transport should be affected accordingly but may
have been overlooked previously.

In Fig. 2(a), we show the signal of the ANE, normalized
by the distance between the electrical contacts, as a function
of the in-plane magnetic field. For FM films with the same
thicknesses, the hysteresis loop of ANE (blue open circle)
follows that of the magnetization (solid black curve) as
described in Eq. (1). However, what is more complicated is
the sign of the ANE signal. In the bulk region with thicker
films, where the sign of the ANE of Fe (50) is opposite
to that of Py (30), Co (50), and Ni (50), the sign of Fe
can be surprisingly reversed when we compare the signal
between 50- and 3-nm Fe. Even more interesting is that the
magnitude of the ANE signal can be enhanced in thinner
films of Fe, Co, and Ni, but reduced in Py. Such dramatically
different behavior can only be clearly revealed as one studies
the thickness dependence behavior of the ANE, as shown in
Fig. 2(b). Here, the data points for the ANE signal are taken
when the magnetization is saturated at 200 Oe. The thermal
signal induced by the ANE is systematically enhanced with
decreasing thickness of Co and Fe, but the trend is opposite
to that of Py, which decreased with decreasing thicknesses.
In the case of Ni, the ANE signal increases with decreasing
thickness and has a sharp drop at 5 nm. Note that the sign of
the ANE of Fe is not always negative, and it can be further
reversed when the thickness is thinner than 6 nm. Although
the thickness-dependent behaviors varied with materials, the
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FIG. 3. (a) Schematic diagrams of the longitudinal Seebeck
coefficient Sxx measurement. The temperature gradient (∇T ) is
applied along the x direction and the thermal voltage (V ) is measured
in the same direction. (b) Thickness dependence of Sxx for Fe, Co,
Ni, and Py. Solid lines show fit curves obtained by using the effective
mean free path model.

ANE for FMs with thicknesses thinner than 2 nm are all too
small to be measured. This threshold thickness corresponds
to the critical thickness of Ms and is caused by the finite size
effect.

The striking thickness dependence of ANE for the four
conventional FMs in Fig. 2(b) is clearly not following the
rising resistivity due to surface scattering in Fig. 1(c) or
the magnetization reduction due to the finite size effect in
Fig. 1(d). The thickness dependence of ANE in FMs has been
overlooked. According to Eq. (3), the ANE is also strongly
related to the Seebeck coefficient. As we have previously
demonstrated that the Seebeck coefficient between bulk and
film could be different, such as in a Pt wire and Pt film [19],
it is important to investigate the thickness dependence of the
Seebeck effect. The Seebeck coefficient Sxx is described by

the Mott formula, Sxx = π2k2
BT

3eσ
( ∂σ
∂E

)EF [28,29]. Here kB is the
Boltzmann constant, e is the electric charge, σ is the electrical
conductivity, and EF is the Fermi energy. Since Sxx depends
on the derivative of the electrical conductivity at the Fermi
level, when the film thickness is comparable to or less than the
carrier mean free path, Sxx could be significantly influenced
by surface scattering. To measure the longitudinal Seebeck co-
efficient Sxx , we apply an in-plane temperature gradient to the
ferromagnetic samples with different thicknesses on insulating
glass substrates, as illustrated in Fig. 3(a). The experimental
results of the thickness-dependent Sxx for different FMs in
Fig. 3(b) shows that Sxx of Fe, Co, Ni, and Py are saturated at 9,
−21, −20, and −22μV/K, respectively, when the thicknesses
are in the bulk region. The absolute values of Sxx for FMs
all decrease with decreasing thickness. This behavior can be
described by the mean free path model Sxx(t) = Sg(1 − b/t)
[19,30], as the solid lines shown in Fig. 3(b). Here Sg is the
bulk Seebeck coefficient, b is the parameter related to surface
and grain-boundary scattering, and t is the thickness of the
film. Therefore, the Sxx could change its sign when the film
thickness is thin enough owing to significant scattering. In the
case of Fe, the sign change of Sxx occurs at around 6 nm,
which is consistent with that of the ANE signal for Fe films
in Fig. 2(b). Unlike the electrical transport where the sign
of the voltage is determined with given current direction, the

FIG. 4. (a) Anomalous Nernst angle as a function of thickness
of Fe, Co, Ni, and Py. (b) Thickness dependence of the anomalous
Nernst coefficients Qs for Fe, Co, Ni, and Py. Dashed lines and solid
lines show best-fit curves obtained by using n = 2 (yellow area) and
n = 1 (blue area) in Eq. (5), respectively.

Seebeck voltage in the thermal transport can have either sign
under a fixed temperature gradient. The magnitude and the
sign of the Seebeck coefficient are thickness dependent. Our
results highlight that the sign of the ANE signal depends
on both the Seebeck coefficient and the anomalous Nernst
angle.

By combining Eqs. (2) and (3), we can experimentally
derive the thickness-dependent θANE in Fig. 4(a). The values
of θANE for FMs in the bulk region are all around 0.1%–0.2%,
which are similar to that of the anomalous Hall angle θAHE, but
the signs of θANE are all positive, unlike θAHE which can be of
either sign. Most importantly, the θANE of all four FMs can be
significantly enhanced by decreasing the thickness. Especially
for Fe, Co, and Ni, the θANE enhancement can be more than
10 times for thin films comparing with bulk.

The origin of the ANE is spin-orbit interaction, which can
be decomposed into the intrinsic Berry curvature, the side
jump, and the skew scattering mechanism, which is analogous
to the AHE. To investigate the scaling relation of the ANE, we
use the equation of the transverse Seebeck coefficient, Sxy ,

Sxy = ρ(αxy − Sxxσxy). (4)

where the transverse thermal conductivity αxy can be derived

from the Mott relation as αxy = π2k2
BT

3e
( ∂σxy

∂E
)EF [31,32], the

transverse electrical conductivity σxy can be substituted by
the power-law scaling of ρxy = λMρn, and λ represents the
strength of the spin-orbit coupling [32]. As a result, we obtain
the following relation from Eqs. (1), (2), and (4):

Qs

ρn−1
= π2k2

BT

3e
λ′ − (n − 1)λSxx. (5)

According to the power-law scaling, skew scattering re-
quires n = 1, while the intrinsic and side-jump mechanisms
have n = 2. To determine the exponent n in our experiment,
we plot Qs as a function of thickness by taking into account the
experimental results of the Sxx(t) and ρ(t) in Fig. 4(b). In the
thin-film region (t < 20 nm), the best-fit value of n for Fe, Co,
and Ni is 2 which is represented by the dashed lines; therefore,
the intrinsic and side-jump contributions are the dominant
mechanisms for the ANE enhancement. On the other hand,
the second term in Eq. (5) vanishes if n = 1, indicating that

174406-3



T. C. CHUANG, P. L. SU, P. H. WU, AND S. Y. HUANG PHYSICAL REVIEW B 96, 174406 (2017)

FIG. 5. (a) Schematic diagrams of the ANE measurement for
[Al(5)/FM(t)]N multilayer structure. (b) Schematic diagrams of
parallel circuit model for multilayer structure with PM and FM
layers. (c) Normalized anomalous Nernst signal in multilayer as
a function of number of bilayers N for [Al(5)/Fe(3)]N in the top
panel and [Al(5)/Ni(3)]N and [Al(5)/Ni(3)]N in the bottom panel.
Open symbols represent a single Fe (top) and Ni (bottom) layer with
different thicknesses.

the ANE signal is independent of Sxx and the thickness. The
constant behavior in Fig. 4(b) for Py and for Co, Fe, and Ni in
the thick-film region suggests that the extrinsic skew scattering
gives the leading contribution, as shown with solid lines.
Thus the contribution from the power-law n = 2 scatterings
(intrinsic and side jump) gradually decay by increasing the
thickness. Our results are consistent with the Mott relation and
show that the ANE excited by heat current is very sensitive
to the details of the electronic band structure. Furthermore,
reducing the film thicknesses, not only by impurity scattering,
but also by the intrinsic contribution from the modification of
band structure may lead to the enhancement of the ANE as
demonstrated in our results.

Recently, the paramagnet (PM)/ferrimagnet or PM/FM
multilayers have attracted great attention due to the enhanced
thermal voltages induced by the superposition of the longi-
tudinal spin Seebeck effect (SSE) and the ANE [5–8]. Such
a multilayer system can be viewed as several independent
bilayers (PM/FM) electrically connected in parallel, as shown
in Fig. 5(b). However, the effect of thickness on the ther-
mal voltage has never been considered. In one report, the
enhancement of the thermal voltage is even observed in the
Cu/FM multilayer system with constant total thickness but
increased multilayer number [7]. Since the nonmagnetic metal
Cu has negligible spin-orbit coupling, the enhancement is not
expected and should not originate from the longitudinal SSE
or the ANE. While the enhancement mechanism is not yet

clear, our results of thickness-dependent ANE may provide
some insights.

To investigate the contribution of the thickness-dependent
ANE in multilayers, a series of [PM/FMs]N samples are
fabricated and the thermal voltage is measured under a vertical
temperature gradient, as illustrated in Fig. 5(a). To clarify
the origin of the enhanced thermal signal in multilayers,
we use a small atomic number element, Al, with negligible
spin-orbit coupling as the PM layer. According to the parallel
circuit model in Fig. 5(b), we normalize the thermal signal in
Fig. 5(c) by sheet resistance and N to obtain the individual
PM/FM bilayer’s contribution. For comparison, the values
of the ANE for the single-layer Fe and Ni with different
thicknesses are also included. It is clear that the dependence of
the thermal signal for [Al(5)/Fe(3)]N , [Al(5)/Ni(5)]N , and
[Al(5)/Ni(15)]N on N is not strong. However, the ANE
can significantly be enhanced by one order of magnitude
when the thickness of Fe or Ni is changed. The results
conclusively demonstrate that the thickness dependence of
the ANE, especially for thin films, plays an important role
in enhancing the spin-current-driven thermoelectric signal.

IV. CONCLUSION

In summary, we have investigated the thickness dependence
of the ANE in several conventional ferromagnetic metals,
including Fe, Co, Ni, and Py. The sign and magnitude of
the ANE show different behaviors against the thickness of
different ferromagnetic materials. By studying the thickness
dependence of Sxx , we find that θANE’s are significantly
enhanced with decreasing thickness for all ferromagnetic
materials as a unified behavior. According to the Mott relation,
the ANE can be paraphrased by a power-law relation between
the anomalous Nernst coefficient and the longitudinal resis-
tivity. We show that the enhancement in thin films is largely
caused by the intrinsic and side-jump mechanisms. Our results
highlight that the spin-polarized current excited by the ANE,
which is strongly correlated with the band structure and the
Berry curvature around the Fermi level, could be dramatically
changed in an ultrathin film and will lead to various spin-based
thermoelectric applications in spin caloritronics.
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