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In the framework of the longitudinal spin Seebeck effect (LSSE), we developed an experimental

setup for the characterization of LSSE devices. This class of device consists in a layered structure

formed by a substrate, a ferrimagnetic insulator (YIG) where the spin current is thermally

generated, and a paramagnetic metal (Pt) for the detection of the spin current via the inverse spin-

Hall effect. In this kind of experiments, the evaluation of a thermal gradient through the thin YIG

layer is a crucial point. In this work, we perform an indirect determination of the thermal gradient

through the measurement of the heat flux. We developed an experimental setup using Peltier cells

that allow us to measure the heat flux through a given sample. In order to test the technique, a

standard LSSE device produced at Tohoku University was measured. We find a spin Seebeck SSSE

coefficient of 2:8� 10�7 V K�1. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4916762]

I. INTRODUCTION

The recently discovered spin Seebeck effect is the spin

counterpart of the Seebeck effect and has a promising role in

the field of spintronics as potential source of a thermally gen-

erated spin current.1–3 The longitudinal spin Seebeck effect

(LSSE) rises in a ferrimagnetic insulator, which in most of

the experiments is a yttrium iron garnet layer (Y3Fe5O12,

YIG), subjected to a temperature difference between its

surfaces.4 Because of the magnetic moment carried by non-

equilibrium magnons, a spin current flows parallel to the

direction of the temperature gradient, as shown in the sketch

in Figure 1. The physical quantity related to the LSSE is the

spin current over the temperature gradient across the YIG

layer; however, it is necessary to introduce another phenom-

enon for the electrical detection of spin current. For this pur-

pose, a paramagnetic metal with high spin Hall angle like

platinum (Pt) is deposited on the interface of the ferrimag-

netic insulator and it allows to detect the thermally generated

spin current by the inverse spin Hall effect (ISHE).5 This

phenomenon rises as the electrically undetectable spin cur-

rent flows into the paramagnetic metal where conduction

electrons are polarized and scattered according to their polar-

ization direction. This leads to an electric potential Vx pro-

portional to the spin current injection between the

ferrimagnetic insulator and the paramagnetic metal.6,7 The

electric field due to the ISHE can be expressed by

Ex ¼ Vx=wPt ¼ DISHEðJS � rÞ, where wPt is the distance

between the electric contacts on the Pt strip, DISHE is the

ISHE coefficient for Pt, JS is the spin current along the z
direction, and r is the spin polarization vector. The measure-

ment of ISHE coupled with the LSSE allows to quantify the

effect that rises in a YIG/Pt structure in terms of voltage

over temperature difference. It is possible to define a spin

Seebeck coefficient, as it has been done for the transversal

spin Seebeck effect by others,8 by the expression

SSSE �
Ex

rzT
¼ VxtYIG

wPtDTz
; (1)

where tYIG is the thickness of the ferrimagnetic layer, as

schematically reported in Figure 1. This expression of spin

Seebeck coefficient contains an indirect characterization of

LSSE because of the spin current-voltage conversion effi-

ciency at the YIG-Pt interface. Experimental artifacts related

to the characterization of a LSSE device are discussed in

detail.9,10 These are the possible contribution of anomalous

Nernst effect (ANE) to the ISHE due to a static magnetic

proximity effects11 in Pt. In a spin Seebeck effect experi-

ment, it was shown that the contribution of ANE can be con-

sidered as negligible.12,13 In Eq. (1), the most critical

parameter to be determined is the temperature difference

between the surfaces of the YIG layer. In a our standard

LSSE device, the YIG film is a few micrometers thick struc-

ture grown on a thicker gadolinium gallium garnet (GGG)

substrate (see Figure 1).

If we assume that the room temperature thermal conduc-

tivities of the YIG and the GGG are the same and the thermal

resistances between the layers of the structure are negligible,

for the device under investigation whose YIG and GGGa)Electronic mail: a.sola@inrim.it

0021-8979/2015/117(17)/17C510/4/$30.00 VC 2015 AIP Publishing LLC117, 17C510-1

JOURNAL OF APPLIED PHYSICS 117, 17C510 (2015)
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thickness are 4l m and 0.5 mm, respectively, a temperature

difference of 1 K over the sample corresponds to 8 mK over

the YIG layer. The value of the temperature difference

across the YIG involves a non-trivial measurement because

of the determination of the thermal resistance of the contacts

between sample and thermometers. Only recently some

efforts have been made for the improvement of the direct

measurement of the temperature difference over the YIG

layer,14 but this problem is little discussed in literature where

usually the temperature difference across the whole sample

is reported as cause of the LSSE instead of the temperature

difference across the YIG film. To overcome this issue, we

proposed in this work an indirect determination of DTz

through the measurement of the heat flux. The heat flux from

a source to a heat sink through the LSSE device and a flux

sensor does not depend on the thermal conductivity of the

interfaces and can be easily measured by means of a cali-

brated heat flux sensor. In this experimental configuration, it

is possible to investigate the LSSE by using the information

of the thermal conductivity of YIG and its geometrical prop-

erties. This configuration allows the reproducibility of the

measurement independently of thermal contacts and the

comparability of results from different experimental setups.

II. EXPERIMENTAL SETUP

The measurement system, represented schematically in

Figure 2, is a closed thermal circuit in which a given quantity

of heat flows through elements that are in series: the thermo-

electric elements used as heat flux sensors (c), the sample

under investigation (f), and a couple of power Peltier cells (d),

used as heat flux actuators. We use two T-type thermocouples

(a) for the measurement of the temperature difference

between the two brass blocks. We measure the temperature of

the heat sink by a standard Pt-100 thermometer (e). The heat

sink is connected to the heat flux actuators and is stabilized to

room temperature by a cryo-circulator.

We calibrated the heat flux sensors by using an electric

heater resistor as a known Joule heat source placed between

the two heat flux sensors. The Peltier cell that we use as heat

flux sensor can be described by the thermoelectric equa-

tions:15 v ¼ Riþ eDT and q ¼ Piþ 1
2

Ri2 � KDT, in which

the thermodynamic forces are the voltage v at the terminals

of the Peltier cell and the temperature difference DT between

the two surfaces; the temperature on each surface can be

considered uniform. The current involved in the working

principle of the sensor are the electric current i and the heat

FIG. 2. Schematic illustration (top) and picture (bottom) of the experimental

setup developed for the characterization of the LSSE as a function of the

heat flux. (a) T-type thermocouples, (b) brass blocks, (c) Peltier cells used as

heat flux sensor, (d) Pelteir cells used as heat flux actuators, (e) Pt-100 ther-

mometer, (f) sample.

FIG. 1. Geometry of the longitudinal

spin Seebeck effect: (a) schematic

illustration of a LSSE device formed

by a layered structure of GGG, YIG,

and platinum and (b) representation of

the spin current generation (LSSE) in

the YIG film and detection (ISHE) in

the platinum film.

17C510-2 Sola et al. J. Appl. Phys. 117, 17C510 (2015)
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flux q. The Seebeck coefficient of the junctions is e, P is the

Peltier coefficient, while the pillars that form the cell are

described by R and K that are the total electrical resistance

and thermal conductance, respectively. In open electric cir-

cuit conditions, the thermoelectric equations are reduced to

v ¼ Spq, where Sp ¼ � e
K. The sensitivity of the heat flux sen-

sors obtained by the calibration is Sp¼ 0.934 V/W. The spin

Seebeck sample (see Figure 1) was fabricated by the Saitoh

group in Tohoku University. It is a 4 lm-thick YIG film

grown on a 0.5 mm-thick GGG substrate. The sample dimen-

sions are 2 mm � 6 mm and the thickness of the platinum

film on the top of the YIG is 10 nm. The measurement proce-

dure involves the production of the heat flux through the

sample by means of the heat flux actuators until reaching sta-

tionary conditions. The sensor is able to monitor the heat

flux through the loop, while the static external magnetic field

aligns the magnetization of the YIG film. The measurement

of the LSSE voltage is performed by means of a Keithley

2182A digital nanovoltmeter. The magnetic field is obtained

by an electromagnet and is measured by a Hall probe gauss-

meter. We performed all measurements and the calibration

under vacuum (1.6 � 10–4 mbar), obtained by a turbo-

molecular pump, in order to avoid conduction through air

and convection.

III. RESULTS

We demonstrate the critical role played by the thermal

contact in the temperature measurements and discuss the

consequence on the evaluation of the thermal gradient

across the YIG layer. When a sample is placed between the

two heat flux sensors, we can calculate the temperature dif-

ference on the sample by the following relation:

DTsample ¼ DTblocks � q � RPS, where DTblocks is the tempera-

ture difference measured by the thermocouples, RPS is the

thermal resistance of the two Peltier sensors and the ther-

mal contact in between. RPS should be carefully character-

ized in preliminary experiments; however, we show that

RPS cannot be determined with the required accuracy. The

characterization is performed by putting the sensors in con-

tact without any sample in between and by applying a

known heat flux through the circuit with consequent evalua-

tion of the temperature difference by the thermocouples.

Three different examples are reported in Figure 3: two

cases with thermal grease between the heat flux sensors and

a third without.

Apart from the high values found for RPS, which

depends on the chosen heat flux sensors and can be possibly

decreased by better devices, it should be noticed that the dif-

ferences between them depends only on the thermal contact

realized. These differences are too big with respect to the

typical thermal resistance of the YIG layer of a LSSE device

(0.056 K/W for the geometry of our device). As a conclusion,

we better evaluate the temperature differences by the mea-

surement of the heat flux alone through the equation

DTsample ¼ �qRYIG, where RYIG is the thermal resistance

given by independent measurement or literature data. This

approximation is valid as long as RYIG is magnetic field inde-

pendent. Figure 4 shows the values we obtain for the LSSE

voltage, normalized with the distance of the electric contacts

wPt, as a function of the heat flux for the saturating magnetic

field. As expected, the normalized LSSE voltage changes

sign according to the direction of heat flux and the behaviour

is approximately linear. Figure 5 shows the normalized

LSSE voltage as a function of the magnetic field for several

heat flux values. The normalized LSSE voltage sign inver-

sion according to the magnetization corresponds to two dif-

ferent polarization directions of the spin current that is

generated in the YIG film, in agreement with the magnetic

properties of the YIG layer. Figure 6 shows the magnetiza-

tion curve of the YIG sample measured by vibrating sample

magnetometer (VSM). In this figure, the LSSE electric field

(normalized to the measurement heat flux) is superimposed

to the magnetization curve for comparison. There is an over-

all agreement between the two curves which shows that the

injected spin current is proportional to the magnetization of

the YIG. Small differences can be understood as a conse-

quence of the multi-domain state of the YIG at intermediate

magnetization states. When we have several magnetic

FIG. 3. Temperature difference measured at the copper blocks as a function

of heat flux measured by the Peltier sensors.

FIG. 4. LSSE voltage divided by wPt at saturation magnetic field as a func-

tion of the heat flux. This characterization of the LSSE device does not

depend on the value of the thermal resistance of the interface between sam-

ple and thermal bath.

17C510-3 Sola et al. J. Appl. Phys. 117, 17C510 (2015)
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domains, each of them contributes to the spin injection into

the platinum and the superposition of these effects can be

slightly non-linear. The result of Figure 6, in which the abso-

lute value of the LSSE curve is above the absolute value of

magnetization curve, suggests that the domains that are in

majority may cause more relevant effect in terms of LSSE.

IV. CONCLUSION

A strong interest is growing around the fundamental

study of LSSE and its possible applications in the field of

spintronics. This facts highlight the need of standardization

of the LSSE measurements techniques. For this purpose, it is

necessary to develop reliable procedures for the characteriza-

tion and comparison of different measurement systems and

different material (i.e., garnets, ferrites, Au/YIG, Pt/YIG

structures). While it is relatively well assessed how to detect

the degree of spin polarization by the ISHE, it is less clear

how to correctly evaluate thermal gradients in presence of

necessary thermal contacts due to the measuring setup. In

this work, we studied a measurement system in which the

thermal circuit is characterized by the measurement of the

heat flux trough a LSSE sample. When the setup is used to

describe the LSSE in terms of voltage V as a function of the

temperature difference DT, as it is usually done in literature,

the results show the predominant role of a variable: the ther-

mal resistance between the sample and a thermal bath (see

Fig. 3). This leads us to deduce that even accurate measure-

ments, performed by different experimental setups, can be

hardly comparable if the (setup dependent) measured DT is

used as independent variable. Our study points at presenting

the LSSE characteristics as a function of a more controllable

(and setup independent) variable as the heat flux through the

sample. This variable can be easily determined and does

not depend on a crucial variable as the interface thermal re-

sistance. In this work, we show as an example the heat

flux-based characterization of a LSSE device, giving a nor-

malized spin Seebeck voltage over the heat flux equal to

4.66 � 10�8 V mW–1. If we assume a thermal conductivity

of the YIG layer16 equal to 6 W m–1K–1, the spin Seebeck

coefficient for the device under investigation is about SSSE

¼ 2:8� 10�7 V/K, having considered the thickness of the

YIG layer tYIG ¼ 4l m and the distance between the two

contacts for the ISHE voltage measurement wPt¼ 6 mm. The

future prospective of this study includes the possibility to

compare different measurement systems in order to have a

set-up independent evaluation of the spin Seebeck effect

from a given sample.
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