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The longitudinal spin Seebeck effect (LSSE) and the anomalous Nernst effect (ANE) are investigated in
various metal/insulator junction systems and a clear separation of the LSSE from the ANE induced by static
magnetic proximity is demonstrated. This separation is realized by comparing transverse thermoelectric voltage
in in-plane magnetized (IM) and perpendicularly magnetized (PM) configurations, where the LSSE appears
only in the IM configuration while the ANE appears both in the IM and PM configurations. We show that,
in Pt/Y;Fes;0;, samples, the LSSE voltage in the IM configuration is three orders of magnitude greater than
the proximity-ANE contamination estimated from the data in the PM configuration. This quantitative voltage
comparison between the IM and PM configurations is corroborated by systematic voltage measurements in
Nig; Fe 9/Gd;GasOy,, Pt/Gd;GasO,,, Au/Y3FesO;,, and Au/Gd;GasO,, samples and by our phenomenological
model calculation. The LSSE measurements in high magnetic field regions further confirm that the observed
voltage in the Pt/Y;FesO;, and Au/Y;FesO;, samples is of magnon origin. We apply this voltage comparison

method also to a Nig, Fe 9/Y3FesO;, sample and show that both the LSSE and ANE exist in this sample.

DOI: 10.1103/PhysRevB.88.214403

I. INTRODUCTION

In the field of spintronics,' many experimental and theo-

retical studies have been focused on spin-transport phenomena
in paramagnet/ferromagnet junction systems, where a spin
current™® plays a central role. After the first demonstration of
spin transport in insulator-based systems,’ the Pt/Y3;FesO;,
(YIG) junction system has become one of the prototype
samples. In this system, itinerant spins in Pt and localized
magnetic moments in YIG interact with each other via the
interface s-d interaction (i.e., the spin-mixing conductance);”®
this interaction is the basic mechanism underlying various
spin-current-related phenomena, such as spin pumping,’'4
the spin Seebeck effect (SSE),">™* and spin Hall magne-
toresistance (SMR).***° However, in this PYIG system,
since Pt is near the Stoner ferromagnetic instability,’%>!
ferromagnetism may be induced in the Pt layer in the vicinity
of the P/YIG interface due to a static magnetic proximity
effect.”? In fact, when the thickness of Pt is very thin (<3 nm),
weak ferromagnetic signals were observed by means of
x-ray magnetic circular dichroism (XMCD) measurem-
ents.>>>* If the proximity ferromagnetism affects electron
transport in the Pt layer, the signal due to the spin-current-
related phenomena in the Pt/YIG system may be contaminated
by the static magnetic proximity in the Pt layer. Therefore,
an exclusive establishment of spin-current-related phenomena
and the separation of them from the proximity ferromagnetism
are important tasks in investigating electrical and thermal
spin-transport phenomena.

In electrical transport in the Pt/YIG system, the spin-current
mechanism has been shown to play a key role by extensive
studies on SMR.*** As recently demonstrated by many
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research groups, the Pt/YIG system exhibits a magnetoresis-
tance effect; in spite of YIG being a very good electrical insu-
lator, the resistance of the Pt layer reflects its magnetization di-
rection. The experimental results show that magnetoresistance
in the Pt/YIG system persists even when a nonmagnetic metal
is inserted between Pt and YIG, excluding the contribution
of proximity ferromagnetism in the Pt layer. Furthermore,
the magnetic-field-angle dependence of magnetoresistance
in the Pt/YIG system was found to be different from that
of conventional anisotropic magnetoresistance in ferromag-
netic conductors. The observed field-angle-dependent data
are completely consistent with the SMR model** based on
a combination of direct and inverse spin Hall effects,>~14-5-%
indicating that the contribution from conventional anisotropic
magnetoresistance due to static proximity ferromagnetism in
Pt is negligibly small in the Pt/YIG system.

In thermal transport in the Pt/YIG system, the separation
of the SSE from the anomalous Nernst effect (ANE)*7°% is
essential. If static proximity ferromagnetism in the Pt layer
induces the ANE, the SSE signal in the Pt/YIG system
may be contaminated by the proximity ANE, since the
SSE in the longitudinal configuration [the longitudinal spin
Seebeck effect (LSSE)]?**® and the ANE have a similar
configuration (see Sec. II and note that no ANE exists in the
YIG layer since YIG is a very good insulator). In a recent
Letter,>* we have proposed and demonstrated a method for
the exclusive detection of the LSSE; we have shown that the
LSSE in the Pt/YIG system can be distinguished from the
ANE by comparing the thermoelectric voltage in different
magnetization and temperature-gradient configurations, and
that the ANE contamination is negligibly small in this system,
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irrespective of whether or not proximity ferromagnetism exists
in Pt.

In this paper, we report systematic experiments on the
LSSE and ANE in the P/YIG, Pt/Gd;GasO;, (GGG), Au/YIG,
Au/GGG, NigFeo/YIG, and Nig;Fe;o/GGG systems and
estimate possible ANE contamination in the Pt/YIG sample
using both the experimental results and a phenomenological
model calculation. We also investigate the magnetic field
dependence of the LSSE in high field regions to confirm the
magnon origin of the LSSE. These results further buttress our
conclusion that the LSSE provides a dominant contribution in
the Pt/YIG sample.

This paper is organized as follows. In Sec. II, we explain
the configurations for measuring the LSSE and ANE and
the method for the separation between them, followed by
details of the experimental procedures. In Sec. III, we report
the systematic experimental results and analyses of the
LSSE and Nernst effects in the Pt/YIG, Pt/GGG, Au/YIG,
Au/GGG, Nig;Fe o/YIG, and Nig;Feo/GGG samples. Here,
the phenomenological model calculation for estimating the
proximity-ANE contamination is provided in Sec. IIB3.
Section IV is devoted to a summary of the present study.

II. EXPERIMENTAL CONFIGURATION
AND PROCEDURE

Figure 1(a) shows a schematic illustration of the LSSE
in a paramagnetic metal/ferrimagnetic insulator junction
system used in the present study. The sample comprises a
paramagnetic metal film fabricated on the top surface of a
ferrimagnetic insulator slab. When a temperature gradient
VT is applied over the insulator slab perpendicular to the
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metal/insulator interface, a spin voltage is thermally generated
and it injects a spin current with a spatial direction Js (||VT)
and spin-polarization vector o (|| the magnetization M of the
insulator) into the paramagnetic metal film. The spin current is
converted into an electric field Eisgg by the inverse spin Hall
effect ISHE)!>~145%6 in the metal [see Fig. 1(a)]. When M is
along the x direction, Ejsyg is generated in the paramagnetic
metal film along the y direction according to the relation

O, 2e
Eisie = 02 (—)Js X, (1)

A \h

where sy, p, A, e, and & are the spin Hall angle, electrical
resistivity of the metal, contact area of the metal/insulator
interface, electron charge, and Planck constant divided by
27, respectively. Therefore, by measuring Eisyg in the
paramagnetic metal film, one can detect the LSSE electrically.
Here, the use of a highly resistive insulator, such as YIG, is
indispensable to the LSSE experiments to eliminate artifacts
caused by electric conduction in the ferrimagnetic insulator.
Figure 1(b) shows a schematic illustration of the ANE
in a ferromagnetic conductor. When VT is applied to a
ferromagnetic conductor perpendicular to the M direction, an
electric field is induced by the ANE according to the relation

Eane = SANeVT x m, (2)

where Sang is the anomalous Nernst coefficient, which is typ-
ically proportional to the magnetization of the ferromagnet,®
and m is the unit vector of magnetization (m = M/|M)|).
Equation (2) means that, when VT || z and M]||x, Eang is
generated along the y direction, a configuration similar to that
of the LSSE [compare Figs. 1(a) and 1(b)]. Therefore, in the
Pt/YIG system, although the ANE in YIG does not exist at
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FIG. 1. (Color online) Schematic illustrations of the (a) LSSE, (b) ANE, and (c) proximity ANE. Schematic illustrations of the (d) IM and
(e) PM configurations. VT, H, M, Eisue (Eang), and Js denote the temperature gradient, magnetic field (with magnitude H ), magnetization
vector, electric field induced by the ISHE (ANE), and spatial direction of the thermally generated spin current, respectively. L,, L., and L,
denote the length, width, and thickness of the sample, respectively. (f) LSSE and ANE in the IM and PM configurations. The LSSE voltage
disappears in the PM configuration due to the ISHE symmetry, while the (proximity) ANE voltage can appear in both the configurations.
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FIG. 2. (Color online) Schematic illustrations of the Nig;Fe;o/GGG or Pt/GGG sample in the (a) IM and (b) PM configurations.
(c) Temperature profile in the metal-film/insulator-slab junction system in the IM configuration along the z direction. Ty, Ty, and 71, denote the
temperature at the top surface of the metal film, at the interface, and at the bottom surface of the insulator slab. L{ .., is the thickness of the
insulator (metal), where L ., < Li ~ L. in the present samples. H dependence of V /(L,VTggc) in the Nig, Fe;o/GGG sample in the (d) IM

ins

and (e) PM configurations. (f) H dependence of V /(L,V Tyir.) in the Nig, Fe;9/GGG sample in the IM and PM configurations. H dependence
of V/(L,VTggg) in the P/GGG sample in the (g) IM and (h) PM configurations. The inset to (h) shows the H dependence of V/(L,VTp) in
the Pt plate in the PM configuration. (i) H dependence of V /(L,V Tp) in the Pt/GGG sample in the IM and PM configurations. VTggg, V Txire,
and VTp, denote the temperature gradient in the GGG substrate, Nig; Fe,9 film, and Pt film, respectively.

all, the ANE in the Pt layer may contaminate the LSSE if
static proximity ferromagnetism in Pt induces the ANE [see
Fig. 1(¢)].

To realize the exclusive detection of the LSSE in the Pt/ YIG
system, it is important to separate the spin-current-induced sig-
nal from the ANE signal. We found that the LSSE in the Pt/YIG
system can be separated from the ANE by comparing the
transverse thermoelectric voltage in an in-plane magnetized
(IM) configuration (the LSSE setup) and a perpendicularly
magnetized (PM) conﬁguration.34 Here, in the IM (PM)
configuration, an external magnetic field H is applied parallel
(perpendicular) to the Pt/YIG interface and a temperature
gradient is applied perpendicular (parallel) to the interface [see
Figs. 1(d) and 1(e)]. In the PM configuration, the ANE signal
can appear since the temperature gradient, magnetization, and
interelectrode direction are at right angles to one another
[see Eq. (2)], while the LSSE signal should disappear due
to the symmetry of the ISHE [see Eq. (1) and note that J || o
in the PM configuration]. Therefore, a quantitative comparison
of the voltage between these configurations enables the

estimation of ANE contamination in the Pt/YIG system [see
Fig. 1(f)]. Here we note that, in the PM configuration, even a
possible tiny temperature gradient perpendicular to the Pt-film
plane?>%" does not affect the voltage signal, since a Nernst
voltage is not generated due to the collinear orientation of the
perpendicular temperature gradient and the magnetization (or
the magnetic field).

In this paper, to comprehensively investigate the LSSE
and ANE in metal/insulator junction systems, we compare
the transverse thermoelectric voltage between the IM and
PM configurations not only in the Pt/YIG system but
also in the Pt/GGG, Auw/YIG, Au/GGG, Nig Feo/YIG, and
Nig; Fe 9/GGG systems. The sample consists of a Pt, Au, or
Nig; Fe ;g thin film fabricated on a single-crystalline ferrimag-
netic YIG or paramagnetic GGG slab. The Pt, Au, or Nig;Fe g
film was deposited on the entire (111) surface of the YIG or
GGG slab. The length (L), width (L, ), and thickness (L) of
the YIG and GGG slabs are 6.0, 2.0, and 1.0 mm, respectively.
The thickness of the Pt, Au, and Nig; Fe g films is 10 nm except
when collecting thickness-dependent data in Sec. Il B2. Both
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in the IM and PM configurations, the sample was sandwiched
between two AIN plates with a high thermal conductivity
(~160 W/mK) [see Figs. 1(d) and 1(e)]; AIN1 (AIN2) is
thermally connected to a heat bath (a ceramic heater), where
the temperature of the heat bath is stabilized at 71, = 300 K. By
applying a charge current to the ceramic heater, the temperature
of the AIN2 plate is stabilized at Ty = 300 K 4+ AT, where the
temperature difference AT between the AIN1 and AIN2 plates
was measured with E-type thermocouples. To apply a uniform
temperature gradient to the sample in the PM configuration,
both the metal film (Pt, Au, or Nig;Fe9) and the insulator
slab (YIG or GGG) are thermally well connected to the AIN
plates with thermal grease. In the IM (PM) configuration, we
measured an electric voltage difference V between the end of
the Pt, Au, or Nig;Fey9 film along the y direction by applying
VT along the z (x) direction and H (with magnitude H) along
the x (z) direction [see Figs. 1(d) and 1(e)].

III. RESULTS AND DISCUSSION
A. Nig;Fe;o/GGG and Pt/GGG sample systems

In this section, by measuring the transverse thermoelectric
voltage in the Nig; Feo/GGG and Pt/GGG samples, we confirm
the temperature-gradient distributions in the IM and PM
configurations and show that the Nig;Fe 9 and Pt films exhibit
isotropic Nernst effects in these configurations. These results
ensure the validity of the voltage comparison between the IM
and PM configurations.

Figures 2(d) and 2(e) respectively show the transverse
thermopower as a function of H in the IM and PM config-
urations for the Nig;Fe;o/GGG sample, where only the ANE
(and a small normal Nernst effect) exists. Here, the vertical
axes are normalized by geometric factors to quantitatively

IM configuration

=
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compare the signals between the IM and PM configurations,
V/(LyVTsee) with VIgee = AT/L; (VIcee = AT/L,)
being the temperature gradient in the GGG substrate in the IM
(PM) configuration. In both configurations, the Nig; Fe;o/GGG
sample exhibits a clear voltage signal whose sign is reversed
when H is reversed. This voltage signal is attributed to the
ANE since no LSSE voltage is generated in the plain Nig;Fe 9
film with no spin-current detector.

Importantly, in the Nig; Fe;9/GGG sample, the ANE voltage
in the IM configuration is smaller than that in the PM
configuration [see Figs. 2(d) and 2(e)]. This behavior is
natural since the thermal conductivity of Nig;Fe9 (knige) 1S
greater than that of GGG (kggg); in the IM configuration,
the temperature gradient in the Nig;Fe 9 film becomes smaller
than that in the GGG slab due to the difference in the thermal
conductivities [Fig. 2(c)], while the temperature gradient in the
NigFe9 film is the same as that in the GGG slab in the PM
configuration (note again that, in the PM configuration, both
the Nig; Fe 9 film and the GGG slab are thermally connected to
the AIN plates directly). The temperature-gradient distribution
in the IM configuration can be estimated from a simple
phenomenological calculation shown in Sec. III B3; by using
Kknike = 30 W/mK and kggg = 9.0 W/mK, %% the tempera-
ture gradient in the Nig;Fej9 layer in the IM configuration is
estimated to be VTnire = (kGG /kNire)AT /L, = 0.30VTgae.
By normalizing the observed voltage with the temperature
gradient in the NigFej9 layer, the magnitude of the ANE
signal in the IM configuration coincides with that in the
PM configuration [Fig. 2(f)], confirming that the Nig;Fe9
film on the GGG slab exhibits an isotropic ANE in these
configurations.

We also performed similar experiments using the Pt/GGG
sample, where only the normal Nernst effect exists. As shown

PM configuration
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FIG. 3. (Color online) H dependence of V/(L,VTyg) in the Pt/YIG sample in the (a) IM and (b) PM configurations. H dependence
of V/(L,VTyire) in the Nig;Fe;o/GGG sample in the (c) IM and (d) PM configurations. VTyjs denotes the temperature gradient in the YIG

substrate.
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in Figs. 2(g) and 2(h), the voltage signal in the Pt/GGG sample
varies linearly with respect to H in both configurations due to
the normal Nernst effect. Although the magnitude of the raw
normal Nernst voltage in the IM configuration is also smaller
than that in the PM configuration [Figs. 2(g) and 2(h)], the
signals normalized by the temperature gradient in the Pt layer
coincide with each other [Fig. 2(i)], where we use VTp =
(kgeg/kp)AT /L, = 0.125VTggg in the IM configuration
based on «p, = 72 W/mK and kg = 9.0 W/mK 3% We
also found that the normal Nernst coefficient in the Pt/GGG
sample in the PM configuration is comparable to that in
a Pt plate without a substrate [see the inset to Fig. 2(h)],
confirming again that an in-plane temperature gradient is
properly generated in the Pt film even in the presence of the
substrate. The isotropic Nernst effects observed here verify
the validity of the voltage comparison between the IM and
PM configurations not only in the Nig; Fe;9/GGG and Pt/GGG
samples but also in the Pt/YIG sample that is discussed below.

B. Pt/YIG sample system
1. Comparison of voltage between IM and PM configurations

Now we are in a position to demonstrate the comparison
of the voltage signals in the Pt/YIG sample between the IM
and PM configurations. In Figs. 3(a) and 3(b), we show the
transverse thermopower V /(L,VTyjg) in the Pt/YIG sample
as a function of H in both configurations. The thermopower in
the IM configuration was found to be much greater than that
in the PM configuration. Here, the magnitude of the normal
Nernst voltage in the Pt/YIG sample in the PM configuration is
comparable to that in the Pt/GGG sample and the plain Pt plate,
confirming that the in-plane temperature gradient is generated
in the Pt/YIG sample in the PM configuration. The voltage
behavior in the Pt/YIG sample is completely different from
that in the Nig; Fe;9/GGG sample, where a clear ANE voltage
appears in both the IM and PM configurations (see Fig. 3).

To check the influence of possible nonuniform temperature
gradients that are perpendicular to the Pt/YIG interface in the
PM configuration, we performed the same measurements using
a Pt wire/YIG sample in which the Pt film is replaced with
multiple thin Pt wires. Here, we formed three Pt wires with a
width of 0.1 mm and a thickness of 10 nm on the top surface of
the YIG slab at the intervals of 0.6 mm [see Figs. 4(a) and 4(b)].
As shown in Figs. 4(c) and 4(d), we observed the same behavior
also in this Pt wire/YIG sample; the large voltage signals
and small normal Nernst signals appear in the Pt wires in
the IM and PM configurations, respectively. Importantly, the
voltage behavior in the Pt wire/YIG sample does not depend on
the Pt-wire position, indicating that the possible nonuniform
temperature gradients in the PM configuration are irrelevant
to the observed voltage signals. These experimental results
confirm again that, in the Pt/YIG samples, the transverse
thermoelectric voltage in the IM configuration is much greater
than that in the PM configuration.

The above results clearly show that the transverse ther-
moelectric voltage in the Pt/YIG sample is dominated
by the ISHE voltage induced by the LSSE and that the
proximity-ANE contamination is negligibly small. Since only
the ANE appears in the PM configuration [Fig. 1(f)], we
can estimate the magnitude of the proximity ANE in the
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FIG. 4. (Color online) Schematic illustrations of the Pt wire /YIG
sample in the (a) IM and (b) PM configurations. H dependence of
V/(LyVTyig) in the Pt wire /YIG sample in the (c) IM and (d) PM
configurations.

Pt/YIG sample from the data shown in Fig. 3(b), where
the ANE thermopower Vane/(L,VTyig) is extracted by
extrapolating the V /(L,VTyig) data in the high field region
(20 kOe < H < 90 kOe) to zero field. We obtain a finite but
small ANE contribution from the voltage data in the PM
configuration; the proximity-ANE thermopower is estimated
to be Vane/(L,VTyig) = 0.003 uV /K for the P/YIG sample
with L§, = 10 nm. This proximity-ANE contribution is further
reduced to 0.0003 ' V/K in the IM configuration owing to the
high thermal conductivity of Pt (see Fig. 2 and Sec. I[II B3).
Therefore, by combining this ANE thermopower and the
voltage data in the IM configuration, the LSSE thermopower
in the P/YIG sample with Lj, = 10 nm is estimated to be
VLSSE/(LyVTYIG) = 0.521 uV/K, ShOWng that the LSSE
contribution is more than three orders of magnitude greater
than the proximity-ANE contamination.

2. Pt thickness dependence

Here, we investigate the Pt thickness dependence of the
transverse thermoelectric voltage in the Pt/YIG samples.
In Figs. 5(a) and 5(b), we show the H dependence of
V/(LyVTy1g) in the PU/YIG samples for various values of
the Pt thickness (L}, = 1.5, 3, 10, 24 nm) in the IM and
PM configurations, respectively. The LSSE thermopower in
the IM configuration monotonically increases with decreasing
L%, consistent with previous results.*® Importantly, the LSSE
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FIG. 5. (Color online) H dependence of V/(L,VTyg) in the
Pt/YIG samples for various values of the Pt thickness Lj, in the
(a) IM and (b) PM configurations.

thermopower is much greater than the proximity-ANE ther-
mopower in all the Pt/YIG samples, even when the thickness of
the Pt film is very thin. Although ferromagnetic characteristics
were observed in very thin (<3 nm) Pt films on YIG by means
of XMCD measurements,’>* the experimental results shown
here confirm that the LSSE provides a dominant contribution
in the Pt/YIG samples, irrespective of whether or not the
proximity ferromagnetism exists in Pt (see also Sec. III B3).

3. Estimation of proximity ANE using a model calculation

In this section, we estimate the proximity-ANE contami-
nation in the Pt/YIG sample using a phenomenological model
calculation. To discuss the ANE induced by static proximity
ferromagnetism near the Pt/YIG interface, it is important to
consider the short-circuit effect® in the Pt layer, since prox-
imity ferromagnetism in Pt is expected to exist only in several
atomic layers adjacent to the interface and the remaining region
is a paramagnetic metal with high electrical conductivity. To
simplify this situation, in our model calculation, the Pt layer
is divided into two parts: a proximity-induced ferromagnetic
region near the Pt/YIG interface and a paramagnetic region
[see Fig. 6(a)].’® Hereafter, the ferromagnetic and param-
agnetic regions of the Pt layer are labeled by the indexes I
and II, respectively, and the thicknesses of these regions are
defined as Lpq, and Lpy, where the total Pt thickness is
Lp, = Ly + Lpyyy- In the following model calculation, to
estimate the contribution from the proximity ANE, we consider
the situation where the transverse thermoelectric voltage is
generated only in the Pt(I) layer.

In the linear-response region, the charge-current density J
is given by

J=0E —aVT, 3)
where E, o, and « are the electric field, electrical conductivity

tensor, and Peltier tensor, respectively.50 In the IM configura-
tion shown in Fig. 6(a), Eq. (3) can be rewritten as

S =0"EY + 07 E* — ¥V, Tp,,

JIZ = UzyEy +OZZEZ — (MZZVZTP[,

y - “4)
Jyp =0"E",
Ji = 0%¥E* —a®V, Tp.
Here, we  consider  the open-circuit  condition

1Y = (Ly L) Ji + (L Liyqp)Jy = 0and I* = (L L,)J{ =
(LxLy)Ji =0, where I” (I°) is the charge current along the
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FIG. 6. (Color online) (a) A schematic illustration of the Pt/'YIG
sample for the estimation of the proximity-ANE contribution in
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the IM configuration, calculated from Eq. (7) with L, = 1 nm.
(¢) L}, dependence of Vaneam/(LyV:Tyic) at Spiy = 1u V/K,
calculated from Eq. (7) with Lg,;, = 1 nm. The red circle data points
are the observed LSSE thermopower in the Pt/YIG samples with
L}, = 10 and 24 nm. The LSSE signals in the Pt/YIG samples with
L}, = 1.5 and 3 nm are, respectively, Visse/(LyVTyig) = 4.473 and
2.186 uV/K [see Fig. 5(a)], much greater than the maximum value
of the vertical axis.

¥ (z) direction and L, (L) is the length of the Pt film along
the x (y) direction [see Fig. 6(a)]. Under this condition, the
electric field in the Pt film along the y direction is described
as

LZ
E = (%)s@ﬁ?wm, )
Pt

where the factor Ly /Lp comes from the short-circuit
effect that reduces the output voltage in the Pt film and
S{}ﬂf = (1/o"M)[a”* — (6% /0?")x>”] is the proximity-ANE
coefficient in the Pt(I) layer.

To estimate the proximity-ANE contribution and to com-
pare it with the experimental results, we need to know the
temperature-gradient distribution in the Pt/YIG sample in
the IM configuration, i.e., the relation between V,Tp; and
V., Tyi. Since the heat-current conservation across the Pt/YIG
interface gives the relation —kp(Tu — To)/ L}, = —ryic(To —
T1.)/ L, the temperature gradient in the Pt layer along the z
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direction becomes

V.To — Tn—Ty (KYIG> AT (KYIG)V T ©)
P = T = = YIG
o Ly, e ) Lyg ke )

because of L}, < LY, where Tj is the temperature at the in-
terfaceand AT = Ty — T [see Fig. 2(c)]. Making use of kp; =
72 W/mK and kyig = 7.4 W/mK 3% we obtain V,Tp =
0.10V, Tyig at room temperature. This estimation is corrob-
orated by the Nernst measurements in the NigFe;9/GGG
and Pt/GGG samples shown in Fig. 2. By combining this
relation with Eq. (5), the transverse thermopower induced by
the proximity ANE in the Pt/YIG sample is expressed as

Lf) I
t
= 0.10<L—Z> o (7)

Pt

VANE,IM
L,V Tyig

in the IM configuration, where Vangmm = E”L,. Note that,
since V, Tyig = V, Tp in the PM configuration, the proximity-
ANE thermopower in the PM configuration is expressed as
Vane,pm/(Ly Vi Tyig) = (qu(l)/Lét)SﬁHF-

Equation (7) enables the estimation of the proximity-ANE
thermopower in the IM configuration. In Fig. 6(b), we show the
contour plot of Vang,m/(LyV,Tyig) estimated from Eq. (7)
as functions of Lj, and Sf,\tl(\{f, where the thickness of the

Pt(I) layer is fixed at Lpg =1 nm.** For example, even

when we assume the large proximity-ANE coefficient Sy} =

1 uV/K in the Pt(I) layer, the output thermopower induced
by the proximity ANE is reduced to Vangm/(LyV Tyig) =
0.01 uV/K in the Pt/YIG sample with L} = 10 nm due to
the short-circuit effect and the high thermal conductivity of Pt,
which is much smaller than the observed LSSE thermopower,
Wisse/(LyVTyig) = 0.521 uV/K [see Fig. 6(c)]. Here we
note that SAY" = 1 4V/K is larger than the ANE coefficient

for FePt (~0.7 ©V/K),®? a ferromagnetic metal with a large
spin-orbit interaction. Since the induced magnetization in the
Pt film on YIG (~90 G)*® is much smaller than the saturation
magnetization of FePt (>10 kG)®’ and the ANE coefficient is
proportional to the magnetization in general, the actual Sy
value in the Pt(I) layer should be much smaller than 1 ¢ V/K.
In fact, when we substitute the proximity-ANE thermopower
estimated from the data in Fig. 3(b) to Eq. (7), we obtain
Shty, = 0.03 wV/K in the Pt(I) layer. Therefore, the observed
large thermoelectric voltage in the Pt/YIG sample can never
be explained by the proximity ANE.

4. High field measurements in IM configuration

Here we show that the LSSE and ANE can be distinguished
also by measuring the transverse thermoelectric voltage in high
magnetic field regions in the IM configuration. Figure 7(a)
shows the H dependence of V /(L,V Tyig) in the Pt/YIG sam-
ple in the IM configuration, measured when the magnetic field
was swept between £90 kOe. We found that the magnitude of
the LSSE signal in the Pt/YIG sample gradually decreases with
increasing the magnetic field after taking the maximum value,
while the ANE is not suppressed under the high magnetic
field [compare Figs. 7(a) and 7(b)]. The suppression of the
voltage in the Pt/YIG sample is very small in low magnetic
field regions [Fig. 7(c)] but reaches ~30% of the maximum
LSSE signal at H = 90 kOe [Fig. 7(a)], a situation which
cannot be explained also by the small normal Nernst effect in
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FIG. 7. (Color online) (a) H dependence of V /(L,VTyg) in the
Pt/YIG sample with L; = 10 nm, measured when the magnetic field
was swept between £90 kOe. (b) H dependence of V /(L,VTggs)
in the Nig Fe;o/GGG and Pt/GGG samples, measured when the
magnetic field was swept between £90 kOe. (c) H dependence of
V/(LyVTyis) in the PY/YIG sample, measured when the magnetic
field was swept between £9 kOe. (d) Comparison between the
observed H dependence of V /| V.| in the Pt/YIG sample and the
H-Vy sse curve calculated from Eq. (9) with 7 =300 K and p = 0.
Here, Vi is the maximum value of the V signal. The calculation
result is normalized by the Vissg value at H = 1 kOe. (e), (f) H
dependence of (e) V/(LyVTyig) and (f) V/|Vnu| in the PYYIG
samples for various values of L}, measured when the magnetic field
was swept between 90 kOe. All the measurements shown in this
figure were performed in the IM configuration.

the Pt film [Fig. 7(b)]. This voltage suppression under the high
magnetic field was observed to appear in the Pt/YIG samples,
irrespective of the Pt thickness [see Figs. 7(e) and 7(f)]. This
behavior is the exclusive feature of the LSSE that arises only
when YIG is used as a substrate.

The suppression of the LSSE voltage in the high magnetic
field regions can be explained by the magnon gap induced
by the magnetic field. Since the SSE is attributed to the
spin current induced by the thermally activated magnon
dynamics,'71821-2337 the suppression of magnon excitation
caused by the gap opening due to the Zeeman effect®® is
expected to diminish the resultant ISHE voltage. In contrast,
the ANE is attributed to the spin-polarized electron transport
affected by the spin-orbit interaction in a ferromagnetic con-
ductor, which is unrelated to magnon excitation. Therefore, the
high field measurements provide a useful way to distinguish
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the LSSE from the ANE, and the observed voltage suppression
under the high magnetic field confirms that the LSSE in the
Pt/YIG sample is of magnon origin.

To clarify the contribution of the magnon gap to the LSSE
voltage, we performed a numerical calculation. Here, we
assume that the LSSE voltage Vissg is proportional to the
following factor related to magnon excitation,’

oo

/ de D(e,H)e”| fee(€,Tm) — fee(€,Te)]l,  (8)
gusH

where D(e,H) = Dg+/€ — gugH is the density of states of
magnons in the ferrimagnetic insulator with amplitude D,
energy €, g factor g, and Bohr magneton ug and p is an
empirical factor. fgg(€, Tme)) = [exp(€/ksTme)) — 177! is the
Bose-Einstein distribution function, where kg is the Boltzmann
constant and Tp) is the effective magnon (electron) temper-
ature in the ferrimagnetic insulator (paramagnetic metal). By
assuming that the modulation of the effective temperatures
induced by the temperature gradient is very small (T, ~ T,
and |Tine) — T'| < T), we obtain

oo

de D(e,H)e? ij .9

T |7, =1

Visse(H,T) OC/

gusH
We numerically calculated the right-hand side of Eq. (9) and
found that the observed suppression of the LSSE signal under
the high magnetic field is almost reproduced by the H-Vssg
curve calculated with 7 = 300K and p = 0 [Fig. 7(d)], while
it cannot be explained by the simple magnon-mediated process
(p = 1).2%¥42 This might be due to the contribution of the
phonon-mediated process,?"3” although more detailed theoret-
ical investigation is required for the complete understanding
of the LSSE in the high magnetic field regions.

C. Au/YIG and Au/GGG sample systems

Au is a typical metal far from the Stoner instability
and is used for the detection of the LSSE free from the
proximity ANE.?*** However, the transverse thermoelectric
voltage in the Au/YIG sample has been measured only in
the IM configuration so far. In this section, we report the
comparison of the thermoelectric voltage in the Au/YIG and
Au/GGG samples between the IM and PM configurations.

Figure 8 shows the transverse thermopower in the Au/YIG
and Au/GGG samples as a function of H. The Auw/YIG
sample in the IM configuration was found to exhibit a voltage
signal reflecting the magnetization process of YIG, while
only the normal Nernst voltage was observed in the PM
configuration [see Figs. 8(a)-8(c)]. The contribution of the
normal Nernst effect in the Au film becomes very small in
the IM configuration since the high thermal conductivity of
Au reduces the temperature gradient in the Au layer in the
IM configuration [see Eq. (6) and compare the signals in the
Au/YIG and Au/GGG samples in Figs. 8(a) and 8(b)]. Notably,
no ANE signal was observed in the Au/YIG sample in the PM
configuration within the margin of experimental error; follow-
ing the discussion in Sec. I[II B1, we experimentally estimate
the LSSE thermopower and the proximity-ANE thermopower
as Visse/(LyVTyig) = 0.080 uV/Kand Vang/(LyVTyig) =
0.000 uV/K, respectively. Furthermore, the voltage signal in
the Au/YIG sample in the IM configuration is also suppressed

50,51

PHYSICAL REVIEW B 88, 214403 (2013)

VB

High magnetic field
IM conf.

—
s

F=AUYIG |
- AU/GGG: [*

-
_

VI(L,V Tyieiaee) (107 V/K) 0
o

VI(L,V Tyieigee) (107 VIK
o

= Au/YIG
= Au/GGG

PM conf.

'
e

-50 0 . 50 -50 0 50
- H(kOe) H (kOe)
(c) .,.v‘"'Low magnetic fieldu”n.n (d)
€ 1 AuYIG Au/YIG _
z IM conf. ’ IM conf. =
el = >
z @ o
50 [ = s
> =~
'[; L = - «——— O Exp. %
= —Calc.—» | =
1c 1 1 1 P ERY N N
-5 0 5 0 20 40 60 80
H (kOe) H (kOe)

FIG. 8. (Color online) H dependence of V/(L,VTyig/Ge) in
the Au/YIG and Au/GGG samples in the (a) IM and (b) PM
configurations, measured when the magnetic field was swept between
£90 kOe. (c) H dependence of V/(L,VTyis) in the Au/YIG sample
in the IM configuration, measured when the magnetic field was
swept between 9 kOe. (d) Comparison between the observed H
dependence of V/|Viyux| in the Au/YIG sample and the H-Vissg
curve calculated from Eq. (9) with T = 300 K and p = 0.

when the high magnetic field is applied, consistent with the
behavior of the LSSE in the Pt/YIG sample [see Figs. 8(a)
and 8(d)]. This result allows us to conclude again that the
transverse thermoelectric voltage in the Au/YIG sample is due
entirely to the LSSE and is free from the proximity ANE.

D. Nig Fe;9/YIG sample system

In previous sections, we have investigated the transverse
thermoelectric voltage in paramagnet/ferromagnet junction
systems (i.e., the Pt/YIG, Au/YIG, and Nig;Fe o/GGG sam-
ples) and have shown that these samples exhibit either
the LSSE or ANE. Then, what happens in a ferromag-
net/ferromagnet junction system? To answer this question,
in this section, we investigate the transverse thermoelectric
voltage in a ferromagnetic Nig;Fe 9/YIG sample. If the spin
current is injected into the Nig; Fe g film from the YIG slab and
the ISHE appears in Nig; Fe o, the hybrid thermoelectric gener-
ation based on a combination of the LSSE and ANE is expected
to be realized in the Nig;Fe 9/YIG sample [see Fig. 9(a)].

In Fig. 9(b), we compare the transverse thermopower
in the Nig;Fe|9/YIG and Nig;Fe;o/GGG samples. Although
these samples exhibit a comparable ANE voltage in the
PM configuration [the inset to Fig. 9(b)], the voltage signal
in the Nig Fe;o/YIG sample in the IM configuration was
observed to be much greater than that in the Nig;Fe;o/GGG
sample (see also Ref. 41). This voltage enhancement in the
IM configuration cannot be explained by the difference in
the temperature-gradient distribution between these samples,
since the difference in the thermal conductivity between
YIG (KYIG =74 W/mK) and GGG (KGGG =9.0 W/mK) is
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@) IM configuration PM configuration
Nig1Fe19/YIG LSSE + ANE ANE
Nig1Fe19/GGG ANE ANE
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FIG. 9. (Color online) (a) LSSE and ANE in the NigFe o/YIG
and Nig, Fe o/GGG samples. (b) H dependence of V /(L,VTvig/G66)
in the Nig, Fe o/ YIG and Nig, Fe,o/GGG samples in the IM configura-
tion, measured when the magnetic field was swept between 9 kOe.
The inset to (b) shows the H dependence of V/(L,VTyig/Ggs) in
the Nig Fe o/YIG and Nig Fe;o/GGG samples in the PM config-
uration. (¢) H dependence of V/|Vy.| in the Nig Feio/YIG and
Nig; Fe19/GGG samples in the IM configuration, measured when the
magnetic field was swept between £90 kOe.

small at room temperature. Therefore, the signal difference
between the Nig;Fe 9/YIG and Nig; Feo/GGG samples in the
IM configuration cannot be understood if only the ANE in the
Nig; Fe g layer is taken into account.

To determine the origin of the voltage enhancement in the
Nig; Fe19/YIG sample, we performed high field measurements
in the IM configuration. We found that, although the ANE
voltage in the Nig Fe;o/GGG sample does not change in
the high magnetic field regions, the voltage signal in the
NigFe 9/YIG sample gradually decreases with increasing
the magnetic field [Fig. 9(c)], a situation similar to the
LSSE signals in the Pt/YIG and Au/YIG samples. This
result indicates that the enhancement of the voltage in the
Nig; Fe 9/YIG sample in the IM configuration is attributed to
the ISHE in the Nig,Fe9 layer induced by the LSSE, and
that the LSSE contribution in the Nig; Fe 9/YIG sample is four
times greater than the ANE contribution in the Nig;Fe 9 film
in the IM configuration.
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IV. SUMMARY

In this paper, we have investigated the longitudinal spin See-
beck effect (LSSE) and (normal and anomalous) Nernst effects
in the Pt/Y3Fes01, (YIG), Pt/Gd;Gas0,, (GGG), AW/YIG,
AH/GGG, Nig]FC]g/YIG, and Nig[FC]g/GGG samples in in-
plane magnetized (IM) and perpendicularly magnetized (PM)
configurations. We have shown that a comparison of the
transverse thermoelectric voltage between these configurations
enables the clear separation of the LSSE from the anomalous
Nernst effect (ANE) induced by static magnetic proximity.
Our systematic experiments show that the Pt/YIG sample
exhibits a large voltage signal only in the IM configuration,
while the Pt/GGG, Au/GGG, and NigFe;o/GGG samples
exhibit Nernst effects in both the IM and PM configurations,
indicating that the thermoelectric voltage in the Pt/YIG sample
is attributed to the LSSE and is not explained by the proximity
ANE in the Pt layer. The possible ANE contamination in
the Pt/YIG sample is experimentally estimated to be less
than 0.1%, which is supported by our phenomenological
model calculation. We also found that the LSSE voltage in
the Pt/YIG and Au/YIG samples is suppressed by applying
a high magnetic field, confirming that the mechanism of
the LSSE is related to magnon excitation. Finally, we have
shown that, by comparing the voltage between the IM and
PM configurations, the Nig;Fe9/YIG sample enables hybrid
thermoelectric generation based on the LSSE and ANE. Since
the experimental methods demonstrated here provide a simple
and versatile way to separate the LSSE from the ANE and to
detect the pure LSSE signal, it will be useful for determining
the origin of the transverse thermoelectric voltage in various
metal/insulator junction systems.
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