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Longitudinal spin Seebeck effect in various garnet ferrites
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The longitudinal spin Seebeck effect (LSSE) is investigated in various garnet ferrites Y3−xRxFe5−yMyO12 (R =
Gd, Ca; M = Al, Mn, V, In, Zr) by means of the inverse spin Hall effect in Pt films. The magnitude of the LSSE
voltage in the Pt/Y3−xRxFe5−yMyO12 samples is found to be enhanced with increasing concentration of Fe in the
garnet ferrites, which can be explained by a change in the spin-mixing conductance at the Pt/Y3−xRxFe5−yMyO12

interfaces. We also investigate the dependence of the LSSE voltage on macroscopic magnetic parameters of
Y3−xRxFe5−yMyO12. The experimental results show that the LSSE voltage in the Pt/Y3−xRxFe5−yMyO12 samples
has a positive correlation with the Curie temperature and the saturation magnetization, but no clear correlation
with the gyromagnetic ratio and the Gilbert damping constant of the samples.
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I. INTRODUCTION

Spin caloritronics is a branch of spintronics that focuses
on the interaction among spin, charge, and heat currents.1–3 A
main purpose of spin caloritronics is to develop novel thermo-
spin effects and strategies to improve thermoelectric devices.
Important discoveries in this field include spin-dependent
Seebeck/Peltier effects in magnetic nanostructures,4,5 thermal
spin injection into silicon,6 magnonic thermal Hall effects,7

thermal spin transfer torques,8 and spin Seebeck effects
(SSEs).9–32

The SSE refers to the generation of a spin voltage as a
result of a temperature gradient in magnetic materials. Here,
spin voltage is a potential for electrons’ spins to drive a
nonequilibrium spin current; when a conductor is attached to
a magnet with a finite spin voltage, it induces a spin injection
into the conductor. The SSE has attracted much attention in
spintronics and spin caloritronics, since it enables simple and
versatile generation of a spin current from heat.

Recent experiments show that the SSE is a versa-
tile phenomenon in magnetic materials; it was observed
not only in electrical conductors9–11,14,20,21,31 but also in
insulators.13,15–17,24,28,31,32 However, most SSE experiments to
date have been performed only in a few materials, such as
Ni81Fe19, GaMnAs, and Y3Fe5O12 (YIG).23 In this paper, we
report the observation of the SSE in more than 20 garnet ferrites
with various compositions and investigate the dependence of
the SSE signals on the concentration of constituent elements
and on macroscopic magnetic parameters of the garnet ferrites.
These systematic measurements will provide guidance for
complete understanding of the physics of the SSE and
for discovering materials with large thermo-spin conversion
efficiency.

II. EXPERIMENTAL PROCEDURE

For the systematic investigation of the SSE in various garnet
ferrites, we employed a longitudinal configuration,15,17,23,30

which is the simplest and most straightforward structure

for measuring the SSE in insulators. Figure 1(a) shows a
schematic illustration of the longitudinal SSE (LSSE) device;
it comprises a ferrimagnetic insulator (FI) slab covered with a
paramagnetic metal (PM) film. When a temperature gradient
∇T is applied over the FI layer perpendicular to the PM/FI
interface (z direction), a spin voltage is thermally generated
and injects a spin current with the spatial direction Js and the
spin-polarization vector σ into the PM layer, where Js and σ

are along the ∇T direction and the magnetization M of FI,
respectively [Fig. 1(b)]. This spin current is converted into an
electric field EISHE by the inverse spin Hall effect (ISHE) in
the PM layer.33–42 When M is along the x direction, EISHE is
generated along the y direction according to the relation

EISHE ∝ Js × σ . (1)

Therefore, by measuring EISHE in the PM layer, one can detect
the LSSE electrically [Fig. 1(b)].

The sample used in the present study consists of a
ferrimagnetic garnet ferrite Y3−xRxFe5−yMyO12 (R = Gd,
Ca; M = Al, Mn, V, In, Zr) slab (FI layer), of which
the host material is YIG, and a Pt film (PM layer). The
Y3−xRxFe5−yMyO12 slabs are polycrystalline, prepared by
a press sintering method (made by Mitsubishi Electric
Metecs Co., Ltd.). Table I shows the atomic percentage of
constituent elements in Y3−xRxFe5−yMyO12, measured by
inductively coupled plasma-atomic emission spectroscopy.
All the Y3−xRxFe5−yMyO12 slabs provide excellent electrical
insulation. The top surface of the Y3−xRxFe5−yMyO12 slabs
was well polished by mechanical and chemical-mechanical
polishing methods. The Pt films were then sputtered on
the polished surface of the Y3−xRxFe5−yMyO12 slabs all
at the same time. The lengths of the Y3−xRxFe5−yMyO12

slabs (Pt films) along the x, y, and z directions are 6 mm
(6 mm), 2 mm (2 mm), and 1 mm (10 nm), respectively. A
temperature gradient ∇T was applied parallel to the z direction
by sandwiching the sample between two Cu plates (see Fig. 3
of Ref. 23), where the temperature of the upper (lower) Cu
plate was stabilized at 320 K (300 K). Here, to reduce thermal
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FIG. 1. (Color online) (a) A schematic illustration
of the Pt/Y3−xRxFe5−yMyO12 sample. (b) Measurement mechanism
of the LSSE by means of the ISHE. ∇T , H, M, EISHE, Js, and σ

denote the temperature gradient, external magnetic-field vector (with
the magnitude H ), magnetization vector of the Y3−xRxFe5−yMyO12

slab, electric field induced by the ISHE, spatial direction of the
thermally generated spin current, and spin-polarization vector of
electrons in the Pt film, respectively.

contact resistance between the sample and the Cu plates,
thermal grease was applied between them. To measure the
LSSE in the Pt/Y3−xRxFe5−yMyO12 samples, we measure an
electric voltage difference V between the ends of the Pt layer
of the samples with applying an external magnetic field H

along the x direction, as illustrated in Fig. 1(a).
Hereafter, the samples are divided into three groups (Groups

A–C) in terms of constituent elements in Y3−xRxFe5−yMyO12;
as shown in Table I, A1–A8 in Group A refer to the samples
including Al and Mn (M = Al, Mn), B1–B8 in Group B to the

samples including Gd, Al, and Mn (R = Gd; M = Al, Mn),
and C1–C6 in Group C to the samples including Ca, Mn, V,
In, and Zr (R = Ca; M = Mn, V, In, Zr).

III. RESULTS AND DISCUSSION

Figure 2 shows the electric voltage V in the
Pt/Y3−xRxFe5−yMyO12 samples at the temperature difference
�T = 20 K as a function of the magnetic field H . In all
the samples, we observed clear V signals of which the
sign is reversed by reversing H . This result indicates that
the V signals are affected by the magnetization direction
of the Y3−xRxFe5−yMyO12 slab, i.e., the spin-polarization
vector in the Pt layer, a situation consistent with Eq. (1)
[Fig. 1(b)]. Since the Y3−xRxFe5−yMyO12 samples used in
the present study are very good insulators, conventional
thermoelectric artifacts in Y3−xRxFe5−yMyO12 do not exist
at all. Furthermore, the extrinsic signals induced by a static
magnetic proximity effect43 at the Pt/Y3−xRxFe5−yMyO12

interface is negligibly small28,31,44 (note that the saturation
magnetization of Y3−xRxFe5−yMyO12 is comparable to or
smaller than that of pure YIG, as shown in Table I). Therefore,
we can conclude that the voltage signals observed in the
Pt/Y3−xRxFe5−yMyO12 samples are due to the ISHE induced
by the LSSE.

In Fig. 3, we plot the magnitude of the LSSE
voltage per unit temperature difference |VLSSE/�T | in
the Pt/Y3−xRxFe5−yMyO12 samples as a function of the

TABLE I. Atomic percentages of constituent elements and magnetic parameters of Y3−xRxFe5−yMyO12. The horizontal lines (—) mean
that the concentration of elements is less than 0.005 at. %. Tc, 4πMs, γ , and α denote the Curie temperature, the saturation magnetization,
the gyromagnetic ratio, and the Gilbert damping constant of Y3−xRxFe5−yMyO12, respectively. γ and α are estimated from the ferromagnetic
resonance (FMR) experiments (see Appendix for details).

Garnet Atomic percentage (at. %) Magnetic parameter

ferrite Y Gd Ca Fe Al Mn V In Zr Tc (K) 4πMs (G) γ (G−1s−1) α

Group A A1 15.10 — — 19.37 5.29 0.23 — — — 407 444 1.81 × 107 1.32 × 10−3

A2 15.24 — — 19.76 4.88 0.11 — — — 429 542 1.85 × 107 1.58 × 10−3

A3 15.21 — — 20.67 4.11 0.01 — — — 458 672 1.82 × 107 3.07 × 10−3

A4 15.16 — — 21.17 3.41 0.26 — — — 455 825 1.82 × 107 1.04 × 10−3

A5 15.26 — — 21.54 2.65 0.55 — — — 487 1025 1.84 × 107 1.39 × 10−3

A6 15.20 — — 22.86 1.93 0.01 — — — 511 1214 1.84 × 107 0.95 × 10−3

A7 15.18 — — 23.73 0.61 0.49 — — — 539 1578 1.83 × 107 7.52 × 10−3

A8 15.19 — — 24.72 0.01 0.08 — — — 554 1813 1.72 × 107 1.43 × 10−3

Group B B1 11.54 3.26 — 21.86 3.25 0.08 — — — 481 632 1.84 × 107 3.14 × 10−3

B2 11.38 3.51 — 23.91 1.18 0.03 — — — 566 988 1.87 × 107 2.03 × 10−3

B3 9.43 5.50 — 23.96 1.00 0.11 — — — 529 824 1.85 × 107 7.69 × 10−3

B4 13.02 1.99 — 24.49 0.39 0.11 — — — 547 1436 1.83 × 107 4.57 × 10−3

B5 10.51 4.30 — 24.54 0.07 0.58 — — — 552 1278 1.90 × 107 3.84 × 10−3

B6 13.45 1.50 — 24.91 0.11 0.03 — — — 559 1589 1.78 × 107 5.13 × 10−3

B7 8.25 6.65 — 24.91 0.08 0.11 — — — 535 1014 1.81 × 107 3.48 × 10−3

B8 10.47 4.44 — 24.97 0.09 0.03 — — — 555 1267 1.90 × 107 3.10 × 10−3

Group C C1 7.91 — 6.98 19.82 — 0.06 3.67 1.56 0.01 464 806 1.82 × 107 0.95 × 10−3

C2 8.89 — 5.99 19.96 — 0.07 3.14 1.95 0.01 453 1011 1.84 × 107 1.84 × 10−3

C3 9.44 — 5.51 21.98 — 0.21 2.84 0.01 — 558 810 1.79 × 107 4.40 × 10−3

C4 13.04 — 2.02 22.46 — 0.09 1.00 1.40 — 498 1614 1.88 × 107 3.79 × 10−3

C5 10.54 — 4.45 22.47 — 0.21 2.31 0.02 — 551 1005 1.80 × 107 0.97 × 10−3

C6 13.27 — 1.79 23.03 — 0.08 0.01 0.02 1.82 485 1983 1.84 × 107 2.41 × 10−3
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FIG. 2. (Color online) H dependence of the voltage V in the
Pt/Y3−xRxFe5−yMyO12 samples at the temperature difference �T =
20 K. The labels A1–C6 refer to the species of the garnet ferrites (see
Table I).

concentration (atomic percentage) of constituent elements
in Y3−xRxFe5−yMyO12, where VLSSE is defined as V at

H = 1 kOe. We found that the LSSE voltage exhibits a
tendency to increase with increasing concentration of Fe atoms
in Y3−xRxFe5−yMyO12 [Fig. 3(a)]. This positive correlation
was observed to appear in all the sample groups (Groups
A–C), indicating that the species of substituted elements in
Y3−xRxFe5−yMyO12 is not essential. In fact, although the SSE
voltage has no correlation with the concentration of each sub-
stituted elements at the Y and Fe sites in Y3−xRxFe5−yMyO12

[Figs. 3(c) and 3(d)], a clear negative correlation was observed
between the LSSE voltage and the total concentration of the
substituted elements at the Fe site [Fig. 3(b)]. Note that, in
Groups A and B, the LSSE has a negative correlation with the
concentration of Al since Fe atoms are substituted mainly by
Al atoms [see Fig. 3(d) and Table I].

We now provide a qualitative discussion on the positive
correlation between the LSSE voltage and the concentration
of Fe atoms in the Pt/Y3−xRxFe5−yMyO12 samples. Previous
studies on the SSE revealed that the conversion efficiency from
a temperature gradient into the SSE voltage is determined by
the following three factors: (1) the spin Hall angle in PM, (2)
the difference between an effective magnon temperature in
FI and an effective electron temperature in PM, and (3) the
spin-mixing conductance at the PM/FI interface. Factor (1) is
irrelevant to the positive correlation observed here since the
PM layer of all the samples is Pt. We believe that factor (2)
is also irrelevant to this positive correlation. This is because
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FIG. 3. (Color online) The LSSE voltage per unit temperature difference |VLSSE/�T | in the Pt/Y3−xRxFe5−yMyO12 samples as a function
of the atomic percentage of (a) Fe, (b) the total of the substituted elements at the Fe site (Al, Mn, V, In, Zr), (c) each element at the Y site (Y,
Gd, Ca), and (d) each element at the Fe site (Fe, Al, Mn, V, In, Zr) in Y3−xRxFe5−yMyO12. VLSSE is defined as V at H = 1 kOe (see Fig. 2).
The colored ellipses in (a) and (b) represent 68% confidence regions, where the blue, red, and gray ellipses correspond to the data for Groups
A, B, and C, respectively.
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FIG. 4. (Color online) |VLSSE/�T | in the Pt/Y3−xRxFe5−yMyO12 samples as a function of (a) the Curie temperature Tc, (b) the saturation
magnetization 4πMs, (c) the gyromagnetic ratio γ , and (d) the Gilbert damping constant α of Y3−xRxFe5−yMyO12. The inset to (a) shows the
dependence of Tc on the Fe concentration in Y3−xRxFe5−yMyO12.

the effective magnon-electron temperature difference in the
longitudinal configuration was shown to be induced by the
electron-phonon interaction in PM and nonequilibrium phonon
transport through FI,15,23,29,30 which are indirectly related to
the concentration of Fe atoms in FI. In contrast, factor (3) is
directly associated with the Fe concentration in FI; a recently
reported theory based on first-principles calculation shows that
the spin-mixing conductance monotonically increases with
increasing magnetic moment density at the PM/FI interface,45

which can explain the experimental behavior of the LSSE
voltage in the present Pt/Y3−xRxFe5−yMyO12 samples shown
in Fig. 3(a).

Next, we investigate the dependence of the LSSE voltage
on macroscopic magnetic parameters of Y3−xRxFe5−yMyO12.
Table I also shows the Curie temperature Tc, the saturation
magnetization 4πMs, the gyromagnetic ratio γ , and the Gilbert
damping constant α of Y3−xRxFe5−yMyO12, where Tc was
measured with a vibrating sample magnetometer, 4πMs was
with an M-H curve tracer, and γ and α were estimated
from ferromagnetic resonance (FMR) measurements (see
Appendix). We found that |VLSSE/�T | also tends to increase
with increasing Tc and 4πMs of Y3−xRxFe5−yMyO12, since
there is a positive correlation among the Fe concentration, Tc,
and 4πMs in these samples [Figs. 4(a) and 4(b)]. In contrast,
no clear correlation was observed among |VLSSE/�T |, γ , and
α [Figs. 4(c) and 4(d)], indicating that the LSSE voltage
is irrelevant to spin-orbit interaction (related to γ ) and

magnon lifetime (related to α) in Y3−xRxFe5−yMyO12. This
result is not contrary to the aforementioned interpretation
that the thermally generated spin voltage in the longitudinal
configuration is attributed to the electron-phonon interaction
and phonon propagations.15,23,29,30

IV. SUMMARY

In the present study, we measured the longitudinal spin
Seebeck effect (LSSE) in polycrystalline Y3−xRxFe5−yMyO12

(R = Gd, Ca; M = Al, Mn, V, In, Zr) slabs by means of
the inverse spin Hall effect in Pt films. The magnitude of
the LSSE voltage in the Pt/Y3−xRxFe5−yMyO12 samples
was observed to increase with increasing Fe concentration
in Y3−xRxFe5−yMyO12. This correlation between the LSSE
voltage and the Fe concentration can be attributed to a change
in the spin-mixing conductance at the Pt/Y3−xRxFe5−yMyO12

interfaces. The observed dependence of the LSSE voltage on
macroscopic magnetic parameters reveals that the LSSE in
the Pt/Y3−xRxFe5−yMyO12 samples has a positive correlation
with the Curie temperature and the saturation magnetization of
Y3−xRxFe5−yMyO12, while it has no clear correlation with the
gyromagnetic ratio and the Gilbert damping constant estimated
from FMR measurements. Since the experiments shown in
this paper focus only on ferrimagnetic insulators with garnet
structure, the measurements of the SSE in materials with
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different crystal structures would be important in order to
elucidate global behavior of the SSE.
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APPENDIX: ESTIMATION OF GYROMAGNETIC RATIO
AND GILBERT DAMPING CONSTANT

In this appendix, we show the details of the FMR measure-
ments and analysis for estimating the gyromagnetic ratio γ

and the Gilbert damping constant α of Y3−xRxFe5−yMyO12.
Before measuring FMR, the Y3−xRxFe5−yMyO12 slabs were
machined to a cylinder shape of 1 mm diameter and 1 mm
height to simplify the estimation of demagnetizing factors
in Y3−xRxFe5−yMyO12.46 A dc external magnetic field H

was applied along the axis of the cylinder (z direction) and
a microwave magnetic field was applied in the diametrical
direction (x direction) by placing the sample on the center
of a microstrip line connected to a vector network analyzer.
The input microwave power was fixed at 20 mW. Under this
condition, we measured the H dependence of the microwave
transmission property |S21|2 on the changing microwave
frequency f , where |S21|2 is defined as the ratio of the incident
microwave power from port 1 of the vector network analyzer
to the transmitted microwave power to port 2. By subtracting
a dc offset and a linear background from the |S21|2 data, we
obtained the spectra of the microwave absorption intensity
I [see Fig. 5(a), the experimental data for the sample A8].
In the present configuration, only uniform FMR mode and
magnetostatic forward volume waves (MSFVWs) are excited,
where a sharp single peak (multiple peaks) in the higher (lower)
H region in the I spectrum corresponds to the FMR (MSFVW)
mode [Fig. 5(a)]. This simple spectrum shape allows us to
analyze the FMR mode quantitatively. Here, by fitting the
FMR spectrum with a Lorentzian function, we obtained the
magnetic field at the FMR condition HFMR and the FMR
linewidth �HFWHM (full width at half maximum, FWHM).

The gyromagnetic ratio was estimated by using the Kittel
equation.47 According to this equation, at the FMR condition,
the microwave frequency satisfies

f = γ

2π
{[HFMR + (Nx − Nz)Ms]

× [HFMR + (Ny − Nz)Ms]} 1
2 , (A1)
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FIG. 5. (Color online) (a) H dependence of the microwave
absorption intensity I for the sample A8. (b) and (c) The mi-
crowave frequency f dependence of (b) HFMR and (c) �HFWHM.
Here, HFMR and �HFWHM denote the magnetic field at the FMR
condition and the FMR linewidth, respectively. The solid lines in
(b) and (c) are the fitting results based on Eqs. (A2) and (A3),
respectively.

where Nx , Ny , and Nz are demagnetizing factors along the
x, y, and z directions, respectively (Nx + Ny + Nz = 4π ).
Here, we take no account of crystal magnetic anisotropy
of Y3−xRxFe5−yMyO12 because the samples used here are
polycrystalline. Since we can assume Nz/4π = 0.27 and
Nx/4π = Ny/4π = 0.365 in the present cylinder shape,46

Eq. (A1) becomes

HFMR = 2π

γ
f − (0.095 × 4πMs). (A2)

By fitting the experimental data on the f dependence of
HFMR with Eq. (A2), we obtained γ of Y3−xRxFe5−yMyO12

[Fig. 5(b)], where the values of 4πMs shown in Table I were
used.

The Gilbert damping constant was quantified by using the
FMR linewidth �HFWHM.42 In general, �HFWHM is expressed
as follows:38

�HFWHM = 4πα

γ
f + �Hih, (A3)

where �Hih is the sample-dependent inhomogeneous
linewidth, measured as the zero-frequency intercept. Based
on Eq. (A3), we fitted the f dependence of �HFWHM in
Y3−xRxFe5−yMyO12 with a linear function [Fig. 5(c)]. By
using the values of γ obtained from Eq. (A2), we estimated
α of Y3−xRxFe5−yMyO12 from the slope of the linear
function.
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