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Abstract:

Spin caloritronics, a research field studying on the interconversion between a charge current (J.) and a
heat current (J4) mediated by a spin current (J) and/or magnetization (M), has attracted much attention
not only for academic interest but also for practical applications. Newly discovered spin-caloritronic
phenomena such as the spin Seebeck effect (SSE) have stimulated the renewed interest in the
thermoelectric phenomena of a magnet, which have been known for a long time, e.g. the anomalous
Nernst effect (ANE). These spin-caloritronic phenomena involving the SSE and the ANE have provided
with a new direction for thermoelectric conversion exploiting J; and/or M. Importantly, the symmetry
of ANE allows the thermoelectric conversion in the transverse configuration between Jg and Jc.

Although the transverse configuration is totally different from the conventional longitudinal
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configuration based on the Seebeck effect and has many advantages, we are still facing several issues
that need to be solved before developing practical applications. The primal issue is the improvement of
conversion efficiency. In the case of ANE-based applications, a material with a large anomalous Nernst
coefficient (SynE) is the key for solving the issue. This review article introduces the increase of Sang
can be achieved by forming superlattice structures, which has been demonstrated for several kinds of
materials combinations. The overall picture of studies on spin caloritronics is first surveyed. Then, we
mention the pioneering work on the transverse thermoelectric conversion in superlattice structures,
which was performed using Fe-based metallic superlattices, and show the recent studies for the Ni-based

metallic superlattices and the ordered alloy-based metallic superlattices.

1. Background
1.1 Spin caloritronics

The electron has a spin angular momentum, which is another important character of electron
apart from electric charge. Nevertheless, conventional semiconductor technologies have exploited only
characteristics of the electric charge, and had ignored the characteristics of electron spin until the
discovery of the giant magnetoresistance (GMR) [Refs.1,2]. The discovery of GMR opened up a new
research field of electronics, which is called spintronics, and the rapid progress in spintronics led to the
new concept of “spin current” [Refs.3.4]. A spin current is the flow of spin angular momentum without
accompanying the electric charge flow, and is carried not only by conduction electrons but also by
magnons, i.e. collective excitation of localized spins. A spin current allows us to develop novel
functionalities of spintronic devices, e.g. magnetization vector manipulation without external magnetic
field [Ref.5] and information transmission in a magnetic insulator [Ref.6]. Thus, a spin current is now

regarded as a basis of various spin-related phenomena involving new physics.
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As many researchers eagerly studied on how a spin current is created, controlled and detected,
the interaction between a spin current and a heat current has also attracted much attention. Spin
caloritronics is the research field studying the interconversion between a spin current and a heat current
or a charge current and a heat current mediated by magnetization [Refs.7-9]. In 2007, Hatami and
coworkers theoretically predicted that the spin-polarized heat current can control the magnetization
direction of ferromagnetic body [Ref.10], and this work opened the door of spin caloritronics. Following
this theoretical work, the spin Seebeck effect (SSE) was experimentally discovered [Ref.11].

The SSE can be observed in a junction with a magnetic material and a conductor, where a
spin current is induced near the junction interface by applying the temperature gradient in the junction.
The pioneering study on the SSE was done with the junction consisting of a ferromagnetic metal and a
paramagnetic metal [Ref.11]. However, it was demonstrated that the SSE can be observed even in a
magnetic insulator [Refs.12,13]. This fact indicates that the SSE is driven by magnons that transmit even
in the magnetic insulator. Fig. 1(a) is an illustration of the junction with the paramagnetic metal and the
magnetic insulator (or the magnetic metal). The temperature gradient (VT ) applied along the
perpendicular to the junction interface induces the thermal dynamics of local spins, which results in the
magnon-spin current. This magnon-spin current is converted to the conduction electron-spin current (J5)
at the junction interface via interface exchange interaction, which is characterized as a spin mixing
conductance [Ref.14]. Then, this Js is converted to the charge current (J) through the inverse spin Hall
effect (ISHE) [Refs.15,16]. ISHE has the symmetry of j. = (2e/h)0sy (s X js), where j. and js are
charge current density and spin current density, respectively, Osy is the spin Hall angle, e (< 0) is the
electric charge of an electron, A is the reduced Planck constant, and s represents the quantization axis
of spin. In general, the ISHE is observed in various materials with large spin-orbit interaction [Refs.15-

21]. The utilization of ISHE allows the electrical detection of the SSE.
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The discovery of SSE fascinated many researchers, and spin caloritronics has quickly grown
into an interdisciplinary research field. To date, a variety of spin-caloritronic phenomena have been
reported: spin-dependent Seebeck effect [Ref.22], spin-dependent Peltier effect [Ref.23], spin Peltier
effect [Refs.24,25], and spin Nernst effect [Refs.26,27]. Those newly discovered spin-caloritronic
phenomena have stimulated the renewed interest in the thermoelectric phenomena in a magnet that have
been known for a long time. The anomalous Nernst effect (ANE) is one of the magneto-thermoelectric

effects, details of which will be mentioned in the following subsection.

1.2 Anomalous Nernst effect
The ANE is a thermoelectric effect observed in many magnetic materials [Ref.28]. Figure

1(b) displays the symmetry of ANE in a ferromagnetic thin film with spontaneous magnetization (M)
along the z direction (out-of-plane direction of the thin film). When VT is applied along the in-plane x
direction, the charge current flow appears along the in-plane y direction. The charge current density
driven by the ANE is given by

je = oSane (4 X V7)), (1)
where Syng 1s anomalous Nernst coefficient and ¢ is electrical conductivity. Sayg 1S expressed as
[Ref.29]

SANE = Pxxxy — Pyxxxs (2)
where pyy, Pyx, @xx,and ayy are the longitudinal resistivity, anomalous Hall resistivity, longitudinal
thermoelectric conductivity, and transverse thermoelectric conductivity, respectively. The ANE has the

reciprocal effect. When the charge current flows, i.e. electric voltage difference (AV) is applied along

the in-plane x direction of the ferromagnetic thin film with z-directional M, the temperature gradient
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appears along the in-plane y direction. This is called the anomalous Ettingshausen effect (AEE)
[Refs.30,31], symmetry of which is given by

jq = ollage (% X VV), 3)
where jq is heat current density driven by the AEE, Ilzgg is the anomalous Ettingshausen coefficient.
The coefficients of ANE and AEE have the following relationship: [lagg = SangT [Ref.31].

An important point is that the ANE allows us to convert heat current into charge current in
“transverse configuration” between them, which means that the input direction of heat current is
orthogonal to the output direction of charge current [Ref.32]. This configuration is totally different from
that of conventional thermoelectric conversion devices based on the Seebeck effect, in which the input
of heat current and the output of charge current are aligned in parallel. Thanks to the characteristic
transverse configuration of ANE, ANE-based thermoelectric conversion applications have been
proposed recently, e.g. thermoelectric power generator for tube-shaped heat source [Ref.33], and heat
flux sensor [Ref.34].

Considering the above applications, a dimensionless figure of merit (zT) becomes a crucial
parameter to determine the performance of the ANE-induced thermoelectric conversion. The zT for
the ANE material is expressed as

zT = (ny SziNE/Kxx) ‘T, 4)
where Ky is the thermal conductivity along the x direction and gy, is the electrical conductivity along
the y direction. It is noted that the orthogonality between ¢ and k frees us from the constraint coming
from the Wiedemann—Franz law in anisotropic materials [Ref.35]. In order to improve the value of zT,
the primal task is to find materials exhibiting large Sang. From that point of view, the ANE has been

investigated for a variety of materials including ferromagnets, ferrimagnets and antiferromagnets. The
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review paper of Ref.28 plotted the reported values of Syng for various materials. Table 1 summarized
the representative ferromagnetic materials showing Sayg larger than 1 uV K at room temperature
[Refs.34,36-41]. At present, the largest Spng has been reported in the CoMnGa Heusler alloy
[Refs.36,37,42], which is known as a Weyl ferromagnet. Those theoretical and experimental studies
suggest that the characteristic electronic structure of Co.MnGa leads to the large Berry curvature, which
is responsible for the enhancement of ANE. Although Co,MnGa exhibited the large Sang, its magnitude
has not yet reached the level for practical applications. Although several topological materials [Refs.43-
46] also exhibit large Sang, particularly Synyg =23 uV K at 40 K for UCopsRup»Al [Ref.45], room
temperature operation is desired for practical applications. Thus, it is very crucial to develop a material
showing Sang, at least, one order of magnitude larger than the existing ANE materials, i.e. Syyg > 10
uV K at room temperature. From Eq. (4), one may see that the increase of Oyy [Kxx 18 also effective
to improve the value of zT, so new materials having a large anisotropy in conductivities between x and
y directions are necessary.

As mentioned above, the increase of Sayg and the increase of agyy /Ky, are the key points
for improving the performance of ANE-induced thermoelectric conversion. The formation of metallic
superlattice is regarded as a strategy to this end. The following subsection focuses on what a metallic

superlattice is.

1.3 Metallic superlattice

Metallic superlattices, where different kinds of metallic layers are alternated periodically in
ananometer scale, were extensively studied from late 1980's to early 1990's, which led to the discoveries
of interface magnetic anisotropy [Ref.46], interlayer exchange coupling [Ref.47], and giant

magnetoresistance effect [Refs.1,2]. These phenomena have provided the basis of spintronics. A
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research trend has shifted to the spintronics phenomena rather than the materials: metallic superlattices.
Even now, however, from the viewpoint of the recent progress of spintronics, we can find the usefulness
of metallic superlattices as the materials with assembled interfaces.

At an interface and/or in a reduced dimension, which shows the totally different properties
from the bulk properties [Ref.48], we can expect the enhancement of spin-orbit interaction, resulting in
the modulation of signal coming from spin-orbit coupling phenomena such as the anomalous Hall effect
(AHE) [Ref.49]. Also, we may expect the reduction of thermal conductivity due to the interfacial thermal
resistance. Metallic superlattices possess periodic structures. It is natural to consider that such a
periodicity modifies the electronic band structure due to the additional boundary condition.

Those characteristics of metallic superlattices may positively influence on the key parameters
of Sang and ayy /Kyy. Figure 2 depicts the configuration of ANE utilizing the metallic superlattice,
in which ferromagnetic layers with M and nonmagnetic layers are alternatively stacked. In this
configuration, the out-of-plane direction is defined to be the x direction, and the temperature gradient is
applied along x. M is pointed along the in-plane z direction. Then, the resultant ANE voltage appears
along the in-plane y direction. Possible advantages for this configuration are as follows. First, the
interface-induced spin-orbit interaction may affect the magnitude of Spyg. The periodic layer stacking
also modifies the electronic band structure, resulting in the modification of Spyg. If those factors
positively contribute to the magnitude of Spng, @ large ANE is expected in the metallic superlattice.
Second, the existence of many interfaces gives rise to the large interfacial thermal resistance, which
suppresses the thermal conduction and provide the smaller ky, than the bulk case. In contract to #yy,
the reduction of electrical conductivity along y, namely ayy, is not remarkable because of less interface
effect than that along the x direction. This corresponds to the anisotropy in conductivities between x and

y that was mentioned in the previous section. Therefore, the formation of metallic superlattice is a
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possible strategy to improve the performance of ANE-induced thermoelectric conversion.

In this review article, the pioneering work on the ANE using Fe-based metallic superlattices
is first introduced in the next section (Sec. 2). Then, the study for the Ni-based metallic superlattices is
shown in Sec. 3, in which the large ayy, comparable to that for the topological materials was observed
for the Ni/Pt metallic superlattices. Section 4 is devoted to the development of ordered alloy-based
metallic superlattices. The CooMnGa Heusler alloy layers, which is known as a Weyl ferromagnet, were
incorporated into the component of metallic superlattice. The combination of ferromagnetic Co.MnGa
and nonmagnetic AIN allows us to obtain large Spng even for the polycrystalline Co,MnGa layer

thanks to the interface effect. Finally, summary and outlook are given in Sec. 5.

2. Pioneering work: Fe-based metallic superlattice

The first experimental work on the ANE for metallic superlattice or multilayered structure
was carried out for the Fe-based systems: Fe/Pt, Fe/Au and Fe/Cu [Ref.50]. At that time, the motivation
for the work was to examine the contribution of proximity-induced ANE (PANE) [Refs.51,52]. For a
paramagnet/ferromagnet junction, in which the paramagnet is near the Stoner ferromagnetic instability,
for example Pt and Pd [Refs.53,54], the paramagnet may show ferromagnetism in the vicinity of the
paramagnet/ferromagnet interface. This comes from the static magnetic proximity effect. If proximity
ferromagnetism and spin-orbit interaction are coupled, the ANE may appear even for paramagnetic
materials. A previous study had revealed that proximity-induced magnetic moments in Pt becomes large
when Pt is connected to Fe [Ref.55]. Thus, in order to investigate the possible contribution of PANE,
we measured the transverse thermoelectric voltage in Fe/Pt metallic superlattices in different
magnetization and temperature-gradient configurations by changing the Fe/Pt-interface density. In

addition, the same investigation was done for Fe/Au and Fe/Cu metallic superlattices, in which the
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proximity-induced magnetic moments in Au and Cu are much smaller than those in Pt.

The Fe/Pt superlattices were grown on the single-crystalline Gd;GasO1n (GGG) (111)
substrates employing an ultrahigh vacuum magnetron sputtering system at ambient temperature. This
study examined four kinds of Fe/Pt metallic superlattices: Pt (5)/Fe (5), [Pt (2)/Fe (2)]«2/Pt (2), [Pt
(1.25)/Fe (1.25)]x4, and [Pt (1)/Fe (1)]«s, where the numbers in parentheses represent the thicknesses in
nanometer. Those samples correspond to the superlattices with the numbers of interface N=1, 4, 7, and
9, respectively. It is noted that the total thicknesses of superlattices are fixed at 10 nm and the total Fe
layer thicknesses are almost the same for all the samples, which means that the Fe/Pt-interface density
monotonically increases with increasing N. Since the GGG substrate is a paramagnetic insulator, the
substrate does not contribute to the ANE signal.

In case of multilayered structures, one should be careful about the superposition of SSE signal
on the ANE signal. To discuss the contribution of SSE in Fe/Pt metallic superlattice, we examined two
kinds of measurement configurations [Ref.56]: One is an in-plane magnetized (IM) configuration [Fig.
3(a)], where H was applied parallel to the Fe/Pt interface whileVT was applied perpendicular to the
interface. This IM configuration is often used for the longitudinal SSE measurement for a
paramagnet/ferromagnet junction [Ref.13]. VT leads to Js flowing perpendicular to the
paramagnet/ferromagnet interface, and the spin polarization of Js flowing into the paramagnet is
parallel to M of the adjacent ferromagnet, which is in-plane magnetized. Considering the symmetry of
ISHE (See Sec. 1.1), transverse thermoelectric voltage is generated not only from the ANE but also from
the longitudinal SSE in the case of IM configuration. The other is a perpendicularly magnetized (PM)
configuration [Fig. 3(b)]. H was applied perpendicular to the Fe/Pt interface while VT was applied
parallel to the interface. In the PM configuration, the ANE voltage can appear while the longitudinal

SSE voltage disappears due to the symmetry of the ISHE. The comparison of the transverse
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thermoelectric voltage between the IM and PM configurations allows us to investigate the contribution
of ANE and longitudinal SSE separately.

Figures 3(c) and 3(d) show the H dependence of transverse thermopower (S) for the Pt (5)/Fe
(5) and [Pt (1)/Fe (1)]xs samples measured with the IM and PM configurations, respectively. In this study,
Swas definedas S = (V/AT) (LZ / Ly) for the IM configurationand S = (V /AT) (Lx / Ly) for the PM
configuration, where AT is the temperature difference and the lengths of the GGG substrates along the
x, y, and z directions (Ly, L, and L,) are Ly =2 mm, L, =6 mm, and L, = 1 mm. The in-plane
magnetization curves are also displayed for comparison. Both Pt (5)/Fe (5) and [Pt (1)/Fe (1)]«s samples
show clear S signals, in which the sign changes occur in response to the magnetization reversal observed
in the magnetization curves. One can see that the magnitude of S increases for both IM and PM cases
with increasing the number of N from 1to 9. S is the anomalous component of S, which does not include
the ordinary Nernst contribution and is obtained by extrapolating the values of S above saturation
magnetic field to zero H.

Figures 4(a) and 4(b) plot the values of Sy as a function of N in the IM and PM configurations,
respectively, in which the results for several different systems are compared: Fe/Pt, Fe/Au, and Fe/Cu
metallic superlattices. First, let us focus on the results of Fe/Pt metallic superlattices. So increases
roughly in proportion to N in both IM and PM configurations. When the value of So was normalized by
the sheet resistance (Rs), which represents the charge current generated by the ANE per unit temperature
difference, So / Rs also increases with N [see Figs. 4(c) and 4(d)] These experimental facts suggest the
strong correlation between the ANE and the Fe/Pt-interface density. Next, the results of Fe/Pt metallic
superlattices are compared with the other systems. One can see that even for the Fe/Au, and Fe/Cu
metallic superlattices, clear So signals appear and the values of Sy increase with N as in the case of Fe/Pt.

It is noted that Sp / Rs is more essential than Sy to compare the ANESs in these metallic superlattices since
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So / Rs takes into account the correction coming from the difference in the electrical conductivity
between Pt, Au, and Cu and the resultant short-circuit effects approximately as discussed in the original
article [Ref.50]. Since the magnitudes of Sy / Rs for all the samples were comparable at each N value in
the PM configuration, we concluded that the main contribution to the ANE enhancement is not the
magnetic proximity effect.

One may be aware that the values of Sy obtained by the IM configuration are smaller than
those for the PM configuration. In the case of IM configuration, the temperature gradient in the
multilayer is smaller than that in the total system of the multilayer and substrate because of the difference
in their thermal conductivities. In contrast to the IM configuration, the PM configuration shows that the
temperature difference between the ends of the multilayer film is the same as that of the substrate, since
both the film and substrate are directly connected to the heat baths. In the PM configuration, therefore,
the actual VT in the multilayer is comparable to the VT applied to the system. This problem does not
allow us to compare the magnitude of Sy between the IM and PM configurations.

The experimental facts clearly indicate that the ANE is enhanced in alternately stacked
paramagnet/ferromagnet systems even in the absence of proximity ferromagnetism. This pioneering
work discussed the following four possible explanations for the enhanced ANE in the metallic
superlattices: (i) a surface-roughness-induced spin-orbit interaction in the Fe layers, (ii) interdiffusion
and alloying at the paramagnet / Fe interfaces, (iii) strain in the Fe layers, and (iv) crystal-symmetry
breaking at the paramagnet / Fe interfaces. Considering the universal enhancement of ANE regardless
of the kind of nonmagnetic material, at least explanation (i) contributes to the enhancement of ANE.

After the report on the ANE for the Fe-based metallic superlattices, C. Fang and coworkers
reported the systematic study on the ANE, the AHE, and the Seebeck effect for the Co/Pt metallic

superlattices [Ref.57]. The authors prepared [Co (¢co)/Pt (2p1)]x» on a Si(500 um)/Si02(500 nm) substrate,
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where fco = tpi, n = 1 — 8 and tc, = 12/n. They found that the anomalous Nernst coefficient increased by
350% as n was increased from 1 to 15, and mentioned that the interfacial contact with Pt was effective
to enhance the ANE for the Co-based superlattice systems.

Apart from the superlattice structures with 3d transition metals, there are several reports on
the transverse thermoelectric conversion in the multilayers with ferromagnetic oxide layers. R. Ramos
and coworkers found the unconventional scaling and significant enhancement of the SSE in Fe;O4/Pt
multilayers [Refs.58,59]. The reciprocal phenomenon of SSE, that is the spin Peltier effect, was also
enhanced in the Fe;O4/Pt multilayers [Ref.60]. In addition, the interface-induced ANE was reported for
the Fe;04/Pt-based heterostructures [Ref.61].

The early works introduced in this section successfully demonstrated that the formation of
metallic superlattice is an effective way to increase the ANE for the several systems. In addition to the
increase in the ANE, one may anticipate the suppression of thermal conduction in the perpendicular
direction to the layer stacking as mentioned in Sec. 1. Very recently, by employing the IM configuration
and the time-domain thermoreflectance (TDTR) method, transverse thermoelectric coefficient, in-plane
electrical conductivity (oyy), and out-of-plane thermal conductivity (x.) were evaluated for the Fe/Pt
metallic superlattices, and the suppression of .. due to the formation of superlattice was successfully
observed [Ref. 62]. The study of Ref. 62 used the Fe/Pt metallic superlattices with the total thickness of
approximately 200 nm, which was much larger than the 10 nm-thick samples shown in this section. As
in the case of 10 nm-thick samples, the 200 nm-thick samples showed the monotonic increase in the
transverse thermoelectric coefficient with the interface density. This fact indicates that the interface
density is a major parameter to increase the transverse thermoelectric coefficient even for the thick

metallic superlattices.
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3. Ni-based metallic superlattice

The early works shown in Sec. 2 revealed the enhancement of ANE, particularly for the Fe-
based systems. Sec. 3 focuses on Ni as a ferromagnetic layer of metallic superlattice. Ni exhibits the
large anisotropic magneto-Peltier effect thanks to its characteristic electronic structure [Refs.63,64].
Also, that is an interesting material from the viewpoint of the ANE. As a nonmagnetic material, Pt was
selected because the large ANE enhancement was reported in the Fe-based and Co-based metallic
superlattices as introduced in Sec. 2, which is attributable to the large spin-orbit interaction. Then, the
ANE was investigated in the Ni/Pt (001) epitaxial superlattices with various Ni layer thicknesses (¢xi) in
Ref. 65.

[Ni(#ni)/Pt(1.0 nm)]«, metallic superlattices were epitaxially grown on SrTiO; (100) single
crystal substrates employing magnetron sputtering. The Ni layer was first deposited at 400°C, which
was followed by the layers of [Pt/Ni]x,-1/Pt deposited also at 400°C. Finally, a 2-nm-thick Al layer was
deposited at room temperature as a capping layer. The deposition temperature of 400 °C was necessary
to achieve the (001) epitaxial growth, and the well-defined layered structures were achieved without
remarkable intermixing between the layers [Ref.66]. fni was set to be 1.5, 2.0, 3.0, and 4.0 nm, where n
was set to be 8, 7, 5, and 4, respectively. Those repetition numbers were adjusted for the total thicknesses
of approximately 20 nm. All the films exhibited that the easy magnetization axes were the out-of-plane
direction, i.e. perpendicularly magnetized Ni/Pt metallic superlattices.

For measuring the ANE of Ni/Pt metallic superlattices, the PM configuration was employed.
As explained in Sec. 2, the ANE voltage can appear while the longitudinal SSE voltage disappears in
the PM configuration. Then, the PM configuration allows us to evaluate the transverse thermoelectric
signal coming from only the ANE in the Ni/Pt metallic superlattices. Figure 5 (a) displays the

measurement setup with the PM configuration, and Fig. 5 (b) shows the transverse electric field detected
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in the in-plane y direction, which comes from the ANE (ExnE), divided by the in-plane x-directional VT
as a function of out-of-plane (z-directional) H for the sample with &i = 3.0 nm. The square-shaped
hysteresis of Eang/VT, which originates from the magnetization reversal process, was observed. In
order to estimate Spng, Eang @s a function of VT was investigated. The slope of Epng versus VT
corresponds to Sang. Figure 5 (¢) plots the v dependence of Spng. All the samples exhibit the large
values of Sayg = 0.9 uV K, and the maximum value of Syyg Was obtained to be 1.14 + 0.05 uV K
! for txi = 2.0 nm. It is noted that these values of Syyg for the Ni/Pt metallic superlattices are one order
of magnitude of larger than that for the bulk Ni [Refs.38,67].

As shown in Eq. (2), Sang is composed of two terms: pyy@yy and pyy@yy. Here, pyy =
—Pxy = Oxy/ 02, where oy, and Oy are the longitudinal conductivity and the transverse conductivity,
respectively. The term of pyyay, comes from the Seebeck effect-induced longitudinal charge current
and the resultant transverse voltage through the AHE, i.e. — Ssppyx/pxx = SsePxy/Pxx» Where Ssg
represents the Seebeck coefficient and pyy/pxx corresponds to the anomalous Hall angle. The term of
PxxQxy expresses the direct generation of transverse charge current originating from transverse
thermoelectric conductivity. Figures 5(d), 5(e), 5(f), 5(g) and 5(h) show the tni dependence of Sgg,
Pxy/ Pxx> PxyQxx> Qxy and pyy, respectively. From Fig 5. (f), it was found that pyyayy is two orders
of magnitude smaller than S,yg. This indicates that the conversion process through the Seebeck effect
followed by the AHE hardly contributes to the ANE of the Ni/Pt metallic superlattices. Since the
anomalous Hall angle of Ni/Pt metallic superlattices is not so small compared to other ferromagnets, the
small Ssg is the reason for the small values of pyy@yy. As shown in Fig. 5(g), the values of ayy, have
been estimated using the parameters of Sang, Pxxs Pxy, and Ssg, which were experimentally obtained
and given in Fig. 5. One can see the large ay, for the Ni/Pt superlattices. The maximum value was

obtained to be ay, =4.8 A K'm™ at & = 4.0 nm, which is comparable to or larger than that for the
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large ANE materials such as CooMnGa (2.4-3.0 AK 'm ") [Ref.36], Co3Sn:Sz (~2 A K 'm™") [Ref.43]
and SmCos (4.6 AK 'm ) [Ref.38].

In Sec. 2, the Fe/Pt, Fe/Au, and Fe/Cu metallic superlattices showed the increase in transverse
thermopower with increasing the numbers of interfaces, i.e. with decreasing the layer thicknesses. In
contrast to the case of Fe-based system, Spyyg for the Ni/Pt metallic superlattices does not increase
remarkably as #v; is decreased. This experimental result is not explained by the interface contribution.
In order to consider another possible contribution, the first-principles calculations were done for oyy

and @yy. ayy is expressed as [Ref.68]

n? kg®T (0.
@y = - (2) (4)
¥y 3 e ds JEg

where kg is the Boltzmann constant and (aaxy / E)s)EF is the energy derivative of oy, at the Fermi
level (E). For the details of calculation methods and calculation results, see the original paper [Ref.65].
The fine oscillatory behavior was observed in oy, as a function of chemical potential (1) when the
superlattice structures were formed. Because this feature was not observed in the case of bulk Ni, the
oscillation is attributable to the formation of interfaces. This oscillation in oy, against u leads to the
increase in energy derivative of oyy. The band-folding effect provides many band dispersions around
Eg in the (kx, ky) plane (corresponding to in-plane wave vectors) and the hybridizations of these bands
lead to many band splittings. This is the origin for the oscillation in the Berry curvature, and the resultant
oscillatory behavior in oyy. These results suggest that the oscillatory behavior in gy, due to the
interface formation is related with the enhancement of ANE in the Ni/Pt metallic superlattices. For
quantitative comparison and more concrete examination, further systematic studies including the effects
of structural imperfections and/or phonon/magnon excitations are required.

This section was devoted to the ANE in the Ni/Pt metallic superlattices. Although the
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enhancement of ANE was observed by forming the superlattice structure even for the Ni-based system,
the tendency in Syng versus the layer thicknesses for the Ni/Pt was different from the case of Fe-based

systems. The enhanced ANE comes from the large a,y in the case of Ni/Pt metallic superlattices.

4. Co.MnGa-based metallic superlattice

For the research topics given in Secs. 2 and 3, 3d transition elements of Fe and Ni were used
as ferromagnetic layer materials in metallic superlattices. Although the values of Spyg were
successfully enhanced owing to the formation of metallic superlattices, those are too low to apply them
to practical devices. In order to realize further increase in Syyg for a superlattice structure, Sec. 4
introduces the study on metallic superlattices with a topological material.

Co:MnGa (CMG) Heusler alloy is a ferromagnet with symmetry-protected topological states
in the electronic band structure [Refs.36,37]. Thanks to the characteristic electronic band structure,
CMG exhibits the large ANE [Refs.36,37,42,69,70] as well as the large AHE [Refs.36,37,69,71] at room
temperature. The high atomic ordering such as the B2 or L2 ordered structure is essential for the
formation of electronic states with nontrivial topology [Refs.37,71,72]. Thus, large ANE of CMG has
been demonstrated either for single crystalline bulks or for epitaxial films deposited at elevated
temperatures on single-crystalline substrates [Refs.36,37,42,69,70].

Although CMG is a candidate as a ferromagnetic layer incorporated into a metallic
superlattice structure, it is challenging to find an appropriate nonmagnetic spacer layer for multilayering
with CMG layers. Spacer layer materials should satisfy the following requirements: high thermal
stability and limited interdiffusion at the interface with CMG. Aluminum nitride (AIN) is one of the I1I-
V compound semiconductors with a wurtzite crystalline structure [Refs.73-75]. Since AIN exhibits

excellent mechanical shock resistance, high thermal stability, low expansion coefficient, and low
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temperature preparation on flexible substrates, AIN layers have been widely utilized for wearable device
applications. For several kinds of multilayer systems, moreover, atomically sharp and smooth interfaces
with good uniformity were reported even after a high temperature annealing process [Refs.76,77]. These
features make AIN a candidate nonmagnetic spacer layer material for combining with the CMG layer in
the multilayered form.

Hereafter, the study on ANE for the CMG/AIN multilayers [Ref.78] is introduced. Because
AIN shows the insulative characteristics, strictly speaking, the combination of CMG and AIN is not the
metallic superlattice. In this review article, however, multilayered structures with a “metallic”
ferromagnetic layer are involved as metallic superlattices.

The multilayer films consist of AIN (20.0 nm)/ [CMG (fcmc)/AIN (5.0 nm) ], with teme = 2.5,
5.0, 12.5, and 25.0 nm, which were fabricated on thermally oxidized silicon substrates at room
temperature. The repetition number of multilayering (n) was set to be 25/fcmg. The AIN layers were
grown by dc reactive magnetron sputtering from an Al target in an Ar/N2 (3:1) mixture atmosphere and
the working pressure was about 0.18 Pa. On the other hand, the CMG layers were fabricated by dc
magnetron sputtering from a Cos2MnysGass alloy target. The composition for the deposited CMG was
determined to be Cos2Mn2Gazs. All the samples were subsequently post-annealed at 500 °C in a vacuum
furnace for 3 h in order to promote the atomic ordering [Refs.71,79].

Figure 6(a) displays the cross-sectional high-resolution transmission electron microscopy
(HR-TEM) image for the sample with tcmg = 12.5 nm. There is no remarkable interdiffusion between
the CMG and the AIN layers, namely the sharp interfaces are formed even after the post-annealing at
500 °C. Compared to the result for the sample with tcmg = 25.0 nm, as shown in Figs. 6(b) and 6(c), the
fast Fourier transform (FFT) images for the CMG and AIN layers indicate that the AIN layer deposited

on the CMG layer improved the c-axis texture. This means that the highly oriented AIN layers serve as
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a texture template for the CMG layers. In addition to the improved (110) texture for CMG layers, the
200 superlattice diffractions suggesting the B2-ordering of CMG are clearly observed for the sample
with fcmg = 12.5 nm. With the calculated lattice spacings from HR-TEM and graphic orientation
identified from FFT images, the highly oriented CMG/AIN stack involves the structure with the
following epitaxial relationship at the interface: (110)cmc || (0001)a, [001]cmc || [10-10]an. The
detailed analysis of strain distribution in the CMG layer revealed that a uniform and positive in-plane
strain is induced.

All the samples clearly exhibited the transverse electric field due to the ANE. Figure 6(d)
plots Sang as a function of fcmg. A relatively high Sang = 3.8 pV K! was obtained for the sample
with tcmg = 25.0 nm. This Syyg value is close to the reported values for L.2;-ordered single crystalline
CMG bulks and epitaxial films (see the values for single crystalline and epitaxial CMS given in Table
1), suggesting that the sandwiched structure with AIN is effective to increase Spyg. A remarkable point
in Fig. 6(d) is that the samples with fcmg = 5.0 nm and 12.5 nm show larger Sang (4.9 uV K) than
that for tcmg = 25.0 nm. As in the case of Ni/Pt metallic superlattices given in Sec. 3, the values of Spng
were decomposed into two terms, Pyy@yy and pyy@yy, using Eq. (2) in order to understand the
characteristic thickness dependence. The detailed analysis enables us to find that Sgg is increased at
tcmg = 5.0 nm and 12.5 nm, which plays the primary role for the enhanced Sang for fomg = 5.0 nm and
12.5 nm. As discussed above, the uniform and positive in-plane strain exists inside the CMG layers with
the appropriate thicknesses such as fcmg = 12.5 nm. Previous works [Refs.80-82] highlighted the
influence of strain on the electronic structure, giving rise to the modulation of thermoelectric properties
including the Seebeck coefficient. Thus, this work suggests that the remarkable tensile strain coming
from the epitaxial growth is a possible scenario to explain the increase in Ssg.

This section introduced that the large Spyyg Wwas achieved even for the polycrystalline CMG
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layer grown on the non-single-crystal substrate by multilayering with the AIN nonmagnetic layer. Since
this growth technique does not require the single crystal substrate, the CMG/AIN stack can be prepared
not only on rigid substrates but also on a flexible substrate [Ref.78]. Even on a flexible polyimide (PI),
the CMG/AIN stack showed Sang = 4.7 = 1.0 uV K. This experimental fact suggests that the
combination of CMG and AIN is a potential materials combination for flexible spin-caloritronic devices.
At present, we have no definite idea if this multilayering is applicable to other Heusler alloys. Because
there are several Heusler alloys exhibit the large ANE such as Co,Mn(AlSi) [Ref.29], other

combinations will be interesting research targets to examine the effect of multilayering.

5. Summary and Outlook

This article reviewed the recent progress in the spin caloritronic study, particularly by
focusing on the topics of the ANE using the metallic superlattices: Fe-based [Ref.50], Ni-based [Ref.65],
and ordered alloy-based [Ref.78] metallic superlattices. The study on Fe-based metallic superlattices
such as Fe/Pt, Fe/Au, and Fe/Cu indicated the significant impact of interface on the magnitude of ANE,
and proposed a possible scenario of surface-roughness-induced spin-orbit interaction in the Fe layers as
an explanation for the enhancement of ANE regardless of the kind of nonmagnetic material. In the case
of Ni-based metallic superlattices, that was Ni/Pt, the enhanced ANE came from the large ayy. The
experiment and theoretical calculation suggested that the oscillatory behavior in oy, due to the
interface formation leads to the increase in @y, resulting in the enhancement of ANE. By multilayering
CMG and AIN, the large ANE was achieved even for the polycrystalline CMG layers thanks to the
formation of highly ordered structure and the increased Seebeck effect, which is attributable to the
remarkable tensile strain coming from the interface due to the epitaxial growth. In summary, the

formation of metallic superlattice provides with several routes for the enhancement of ANE such as
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adding the interface-induced spin-orbit interaction and modulating the electronic structure. These
strategies are useful to develop potential applications such as a heat flux sensor [Ref.34].

Section 2 also introduced the recent study demonstrating the suppression of thermal
conduction in the perpendicular direction to the layer stacking [Ref. 62]. Although one of the merits of
metallic superlattice has been demonstrated, the anisotropy of oyy to Ky, was not so significant,
resulting in the limited contribution to the improved zT. This means that the transverse thermoelectric
coefficient still plays a major role for the thermoelectric conversion performance of metallic superlattice.
Considering these facts, it is an effective way to incorporate a magnetic layer itself possessing
anisotropic transport properties, e.g. 2-dimensional layered material, into the superlattice structure. At
the same time, it is still a crucial task to explore materials showing larger transverse thermoelectric
coefficient. We expect a significant improvement of zT by incorporating the magnetic layer, which can
satisfy the above requirements, into the superlattice structure.

In addition to the purpose of enhancement of ANE and the suppression of thermal conduction,
metallic superlattices are suitable research subjects for studying the spin-dependent thermal transport
[Ref.83-85] such thermal conductivity switching [Ref.86] although this review paper does not involve
that research topic. We believe that metallic superlattices will provide a platform to examine a variety

of spin-caloritronic phenomena.
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Table 1 Representative ferromagnetic materials showing anomalous Nernst coefficient (Sanyg) larger

than 1 pV K™ at room temperature.

Material Form Sane (LV K Ref.
Co,MnGa Slab 6 36
CooMnGa Thin film 6.2 37

SmCos Slab 3.1 38
Sm-Co-Fe Thin film 1.6 39
Fe-Ga Thin film 24 40
FesGa Slab 6 41
Fe-Al Thin film 3.4 34
FesAl Slab 4 41
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Figure 1 (a) Spin Seebeck effect observed in a junction with a magnetic material and a conductor. Spin
current (jg) is induced near the junction interface by applying the temperature gradient (VT) in the
junction. This js is converted into j. via inverse spin Hall effect. (b) Anomalous Nernst effect
observed in a ferromagnetic thin film with spontaneous magnetization (M). When the temperature

gradient of VT is applied along the x direction, the charge current flow appears along the y direction.
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Figure 2 Illustration for the configuration of the ANE utilizing the metallic superlattice, in which

ferromagnetic layers with M and nonmagnetic layers are alternatively stacked.
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Figure 3 (a), (b) Schematic illustrations of the Fe/Pt multilayer sample in the (a) in-plane magnetized
(IM) and (b) perpendicularly magnetized (PM) configurations. H denotes the magnetic field vector with
the magnitude of H. (c) The in-plane magnetization curve and the H dependence of the transverse
thermopower S for the (5)/Fe (5) and [Pt (1)/Fe (1)]xs samples. M denotes the total magnetization (in
units of kemu/cm?) of the Fe/Pt multilayer samples formed on thermally oxidized silicon substrates. In
the M-H curves, the contributions from the silicon substrates are subtracted. Sy is the anomalous
component of S, obtained by extrapolating the S-H curve in the high H field range to zero field. (d) The
perpendicular magnetization curve and the H dependence of S for the (5)/Fe (5) and [Pt (1)/Fe (1)]xs

samples. [Ref.50]
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Figure 4 (a) N dependence of Sy in the Fe/Pt, Fe/Au, and Fe/Cu samples in the IM and (b) PM
configurations. The Fe/Cu multilayer samples are covered with 1-nm-thick Pt films to avoid the
oxidation of the top Cu layers. (c) N dependence of So/R;, in the Fe/Pt, Fe/Au, and Fe/Cu samples in the

IM and (d) PM configurations, where Rs is the sheet resistance. [Ref.50]
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Figure 5 (a) [llustration of experimental setup for measuring the ANE in the PM configuration for
[Ni(#ni)/Pt(1.0 nm)]x, metallic superlattices. (b) H dependence of electric field induced by the ANE
(Eang) divided by VT for the device with i = 3.0 nm. (c) Anomalous Nernst coefficient (Sayng), (d)
Seebeck coefficient (Ssg), (€) the ratio of anomalous Hall resistivity to longitudinal resistivity (pxy /pxx)
(f) the product of pyy, and longitudinal thermoelectric conductivity (axy), (g) transverse thermoelectric

conductivity (@yy), and (h) pyy as a function of fi [Ref. 65].
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Figure 6 (a) Cross-sectional high-resolution transmission electron microscopy image for the AIN (20.0
nm)/ [Co:MnGa (CMG) (fcv = 12.5 nm)/AIN (5.0 nm)]x,, and (b) the fast Fourier transform images

for the CMG and (c) AIN layers. (d) Sang as a function of fcmc [Ref.78].
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