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In recent years, multifunctional materials have attracted increasing interest for magnetic memories
and energy-harvesting applications. Magnetic insulating materials are of special interest for this purpose,
since they allow the design of more efficient devices due to the lower Joule heat losses. In this context,
Ga0.6Fe1.4O3 (GFO) is a good candidate for spintronics applications, since it can exhibit multiferroicity
and presents a spin Hall magnetoresistance similar to the one observed in a yttrium-iron-garnet (YIG)/Pt
bilayer. Here, we explore GFO utilizing thermospin measurements in an on-chip approach. By carefully
considering the geometry of our thermospin devices we are able to quantify the spin Seebeck effect and
the spin-current generation in a GFO/Pt bilayer, obtaining a value comparable to that of YIG/Pt. This fur-
ther confirms the promises of an efficient spin-current generation with the possibility of an electric field
manipulation of the magnetic properties of the system in an insulating ferrimagnetic material.

DOI: 10.1103/PhysRevApplied.18.054087

I. INTRODUCTION

The search for multifunctional materials is nowadays a
hot topic in spintronics [1,2]. Currently, functional devices
are typically made of a bilayer composed of a nonmag-
netic material with large spin-orbit coupling (NM) and a
ferromagnetic material (FM). These types of devices allow
functionalities such as the manipulation of the FM mag-
netization by the spin Hall effect (SHE) [3–5] in the NM
or energy harvesting by employing its inverse counterpart,
the inverse spin Hall effect [6]. Insulating magnetic mate-
rials (FMI) are preferred for this purpose to pave the way
towards low dissipation spintronics devices [3]. Additional
functionalities like the possibility of the electric field con-
trol of the magnetic properties of such systems could be
given to these heterostructures by the introduction of mul-
tifunctional magnetic materials, opening the possibility of
designing more efficient and versatile devices [7,8].

In spin Seebeck experiments [9–12] a thermal gradi-
ent is typically applied in the out-of-plane direction of
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the magnetic thin film, generating a spin current flow-
ing alongside this direction. In insulating ferromagnetic
materials, this spin current is carried by spin collective
excitations, also called magnons, and can be injected into
an adjacent layer such as Pt in the case of this study, and
is then converted into a charge current via the inverse
spin Hall effect (ISHE) [13–15]. This conversion occurs
through the spin-orbit interaction of conduction electrons,
which can be strong in heavy metals like Pt [16] and is
given by [17]

EISHE = 2e
�

ρ θSHJs × σ , (1)

where EISHE is the electric field produced by the ISHE,
e and � are the electron charge and reduced Plank con-
stant, ρ is the resistivity of the Pt layer, θSH is the spin Hall
angle, Js is the spin current injected into Pt and σ its spin
polarization.

Until now, yttrium iron garnet (YIG) has been the cor-
nerstone material in thermospin phenomena due to its
insulating nature and its unique magnetic properties such
as low damping and coercive field. Here, we study the ther-
mospin current generation in bilayers composed of Pt and
the multifunctional magnetoelectric oxide Ga0.6Fe1.4O3
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(GFO) [18–20]. Engineering of thermospin devices with
properly chosen dimensions allowed an accurate determi-
nation of the thermospin voltages necessary to calculate
the spin Seebeck coefficient, and therefore granting a com-
parison with other systems. Indeed, the spin Seebeck effect
(SSE) as well as the spin Hall magnetoresistance [21–23]
in the GFO system are largely comparable with YIG-based
ones. Furthermore, to corroborate our experimental finding
we resort to finite-element simulations of the thermal pro-
file to obtain an accurate heat flux in both GFO and YIG
layers.

II. METHODS

A. Growth and structural characterization

GFO films are prepared by pulsed-laser deposition
(PLD) on SrTiO3(111) substrates (Furuuchi Chemical Cor-
poration, Japan, with root-mean-square roughness lower
than 0.15 nm) maintained at 900 ◦C. The KrF excimer laser
(λ = 248 nm) is operated with a fluence of 4 J/cm2 [23]
and a repetition rate of 2 Hz. The growth is done from a
stoichiometric GFO target in an atmosphere of 0.1 mBar of
O2. The YIG film is grown by liquid phase epitaxy on 3-in.
(111)-oriented gadolinium gallium garnet (GGG) substrate
from PbO-B2O3-based high-temperature solution (HTL) at
about 800 ◦C using a standard dipping technique [24,25].
During the deposition time of 90 s, the substrate is rotated
in the solution at 33 rpm and then pulled out. Subsequently,
the solution residues are spun off from the sample surface
above the HTL and the sample is pulled out of the hot
heating zone. Platinum layers for the GFO-based samples
are deposited by PLD in situ in order to avoid any surface
contamination. The deposition is carried out at room tem-
perature in order to avoid any metal-oxide interdiffusion,
under vacuum (base pressure of 2 × 10−8 mbar) and with
a deposition rate of 0.06 nm/s, as in Ref. [23].

Structural characterization of the samples is done by
x-ray diffraction θ − 2θ scans using a Rigaku Smart Lab
diffractometer equipped with a rotating anode (9 kW) and
monochromated copper radiation (1.54056 Å). The θ − 2θ

scan shown in Fig. 1 indicates that the system grows fol-
lowing the (SrTiO3) STO(111)//GFO(001)/Pt(111) struc-
ture, i.e., with the GFO film oriented along the [001]
direction. The presence of Laue oscillations for the Pt (111)
reflection is an indication of a smooth Pt/GFO interface.

The thermospin devices Are made using conventional
UV lithography. We choose the following stacking to per-
form our main experiments: STO//GFO(64 nm)/Pt(5 nm)
and GGG//YIG(140 nm)/Pt(5 nm). The Pt thin film is first
patterned by ion milling. The width and the length of the
Pt bar are 10 and 270 μm, respectively. Then, an insu-
lating SiO2 layer with a thickness of 75 nm is grown by
rf sputtering using a Si target and Ar+ and O2− plasma.
In a third and last step the Au heater [Ti(10 nm)/Au(150
nm)] is evaporated using a conventional evaporator. Both
the heater and the sample are patterned with four pads to
measure their resistance using four probes for more precise
estimation. The dimensions of the active part of the heater
and the sample are 330 × 10 μm2 and 270 × 10 μm2,
respectively. The current flows only in the direction of the
heater on top of the sample and the nonstraight area of the
heater is orders of magnitude farther away from the sample
(μm versus nm) than the heater area on top of the sam-
ple and thus we would not expect any significant parasitic
effects from it.

B. Thermospin measurements and estimation of
heat-transport parameters

Thermospin measurements are carried out in these
devices using an electromagnet to apply an external in-
plane magnetic field (H) as shown in Fig. 2(a). A dc

(a) (b)

FIG. 1. Structural characterization. (a) X-ray diffraction θ − 2θ scan showing the Ga0.6Fe1.4O3 (004) peak, the Pt (111) peak and
the associated Laue oscillations, indicating high crystalline coherence in the film and (b) crystal structure of Ga0.6Fe1.4O3. In the
crystallographic structure of GFO there are four different cationic sites that can be occupied by the Ga3+ and Fe3+ cations, named Ga1,
Fe1, Ga2, and Fe2. Ga1 is a tetrahedral site, and the Fe1, Ga2, and Fe2 are nonequivalent octahedral sites.
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(a) (b) FIG. 2. Thermospin measure-
ments. (a) Longitudinal spin
Seebeck effect configuration. (b)
Transversal voltage as a function of
the in-plane field in a thermospin
measurement with a heater current
of 100 mA and (inset) picture of one
of the thermospin devices.

current is passed through the heater and after 5 min of sta-
bilization, the resistances of the sample and the heater are
monitored using I -V measurements to avoid spurious con-
tributions from thermal voltages. The thermospin voltage
is monitored using a Keithley 2182a nano voltmeter.

Numerical simulations based on the finite-element
method are performed by COMSOL Multiphysics, coupling
the electric currents and heat-transfer modules, in order to
quantify thermal gradients in GFO on STO substrate and in
YIG on GGG substrate (see Appendix A). The cross-plane
thermal conductivity of the GFO thin film is measured
using the 3ω method. In this method a thin metal resis-
tor simultaneously serves as a heater and a thermometer,
it has been previously employed to determine the thermal
conductivity of bulk and thin-film materials, details of the
measurements can be found elsewhere [26–28]. For these
measurements a Pt resistor (100 nm thick, 10 um width,
1 mm length with 10 nm of Cr for adhesion) is deposited
on the bare GFO/STO heterostructure and the 3ω voltage
response to an ac current with frequency is measured. The
thermal parameters of the other layers are obtained from
the literature [29–35] and detailed in Appendix A.

III. RESULTS

A. Thermospin voltage in GFO/Pt and YIG/Pt

We perform thermospin measurements in a GFO/Pt and
YIG/Pt systems by observing the thermally induced volt-
age upon sweeping H as shown in Fig. 2(a) for GFO,
obtaining a typical hysteresis looplike curve that follows
the magnetization of the GFO thin film [23] [Fig. 2(b)] for
a heater current of 100 mA. We perform these measure-
ments for H applied at different directions in YIG and GFO
and observed an isotropic behavior of the SSE voltage. In
the case of YIG, the coercive field and saturation fields
are much smaller than in GFO. It is worthwhile to note
that, since GFO is an insulating material and we previously
observe that the proximity in GFO/Pt is almost negligible
at room temperature [23], we consider that this thermo-
spin voltage comes fully from the SSE and there is not a
significant anomalous Nernst effect contribution from the
proximity in Pt.

By monitoring the magnitude of the thermospin voltage
at saturation for different heater powers we can observe

that the voltage difference between the saturation at pos-
itive and negative fields scales linearly with the power
applied to the heater, as expected by the origin of the spin
current generated in GFO. This is shown in the insets of
Fig. 3 for both GFO and YIG systems. We also observe
here that the order of magnitude of the SSE voltage is simi-
lar in both systems, although in the GFO, the offset voltage
of the loop and the coercive field are significantly larger
than in YIG. While the elucidation of the origin of such
offset voltage is out of the scope of this paper, we argue
that it might be related to a parasitic thermoelectric effect.

B. Quantitative comparison of the spin Seebeck effect
in YIG and GFO

The determination of the spin Seebeck coefficient is
normally subjected to large uncertainty due to the low
reproducibility of the experimental conditions. Typically,
in the literature, the SSE coefficient is defined as the ratio
between the SSE voltage and the thermal gradient in the
FM thin film normalized by the sample resistance [36].

S∇T
SSE = VISHE

∇TRPtl
, (2)

where VISHE is the thermospin voltage difference between
positive and negative saturation fields divided by 2, ∇T is
the thermal gradient through the FMI, RPt is the four-probe
resistance in the Pt using I -V measurements and l is the
distance between the voltage contacts.

Two steps can be taken to overcome the issue of low
reproducibility in SSE measurements: first, the heat flux
in the system can be considered instead of an estimation
of the thermal gradient [37], and second, it is possible to
maximize the reproducibility of the thermal conditions by
using on-chip devices for a consistent thermal contact and
dimensions of the system [38–40].

Following both of these steps, we propose to define the
SSE coefficient considering the heat flux instead of the
thermal gradient in the FMI (Sq

SSE) as follows:

Sφq
SSE = VISHE

φqRPt
, (3)

where φq is the heat flux through the FMI.
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(a) (b) FIG. 3. Spin Seebeck effect in
GFO and YIG. A comparable spin
Seebeck voltage is obtained in the
GFO/Pt and in the YIG/Pt sys-
tem varying the heater power. The
insets show the linear behavior of
the thermospin voltage with the
heater power.

To reliably compare the thermospin voltage in the
GFO/Pt and YIG/Pt systems we compute the Sφq

SSE from
Eq. (3) and obtain a comparable value for both sys-
tems as depicted in Table I. We obtain a Sφq

SSE = 2.9 ±
0.3 fV m2/W� for GFO, whereas for YIG the value is
slightly larger, 3.6 ± 0.4. This suggests that the efficiency
of the spin-current generation in GFO is similar to that of
YIG, opening possibilities in spin caloritronics using insu-
lating magnetic materials with predicted tunable magnetic
properties by electric fields.

Using the thermal conductivity for both FMI we can also
estimate the thermal gradient in the FMI layers considering
Fourier’s law and a one-dimensional thermal flux (φq =
−κ∇T) to compare with other studies in the literature as
shown in Table I. We observe that the temperature differ-
ence between the upper and lower boundaries of the FMI in
both systems are similar in magnitude under these consid-
erations. To assess possible deviations from this simplified
model due to the geometry of the device and possible ther-
mal losses, we perform a finite-element simulation using
COMSOL. In this simulation, we introduce the geometry of
the system and use a combination of the electric currents
and heat-transfer modules and we obtain a temperature dif-
ference in the FMI layer slightly smaller but comparable
to the one calculated by Fourier’s law for both systems.
Figures 4(a) and 4(b) show, respectively, the local tem-
perature distribution in the device in both X 0Z and 0YZ
cut planes. They show that the temperature gradient direc-
tion is mostly out of plane within the device, as expected.
The heat flux through the GFO layer is almost constant as
shown in Fig. 4(c), indicating that the thermal losses are

not relevant and the direction of the thermal gradient is
almost completely out of plane in the GFO. Figure 4(d)
shows the simulated thermal profile in the whole device.

In the case of GFO, we estimate the thermal conduc-
tivity using the 3ω method to be κGFO = 4 ± 1 W/mK,
significantly smaller than that of YIG [29]. The rest of the
values considered are extracted from the literature [29–
35]. Following these estimations, the value of the SSE
considering the thermal gradient in the FMI can be recov-
ered to compare with other studies. The calculated values
of S∇T

SSE are 90 ± 10 and 160 ± 20 pV/K� respectively.
The rest of the parameters to obtain them are shown in
Table I. It is useful to consider that the GFO sample is
not yet completely saturated at 0.6 T. We estimate using
vibrating magnetometry measurements in a similar sam-
ple that we are underestimating the saturation thermospin
voltage by 20%. We obtain a value of S∇T

SSE within the
same order of magnitude and a similar value of Sφq

SSE for
both materials, showing that for both methods of estimat-
ing the spin-current generation point towards the interest in
using GFO as a promising functional material in insulating
spintronics, e.g., for self-sustaining voltage-sensing appli-
cations. A change in the magnetic properties by an electric
field can be monitored through a thermal gradient without
supplying any electrical power, but waste heat. In short, a
thermal gradient would generate the SSE voltage and this
voltage will depend on the electric field that the device is
subjected to. Another example would be the control of the
coercive field by an electric field for efficient sensing of
the magnetic field around a determined value similarly to
how the operating point works in transistors. In addition,

TABLE I. Thermospin and thermal transport parameters for YIG and GFO at room temperature. Electrical resistivity, heat flux spin
Seebeck coefficient, thermal conductivity of the FMI, estimated temperature difference between the upper and lower boundaries of the
FMI layer for a heater current of 100 mA using Fourier’s law and COMSOL simulations and thermal gradient spin Seebeck coefficient
(traditional estimation method). The thickness of the FMI are 64 and 140 nm for the GFO and YIG films, respectively. We do not
consider the interfacial thermal resistance in the estimation of the thermal gradients in the system.

ρPt (μ� cm) Sφq
SSE (fV m2/W�) κFMI (W/m K) ∇TFourier

FMI (K) ∇TCOMSOL
FMI (K) S∇T

SSE (pV/K�)

GFO/Pt 27.5 2.9 ± 0.3 4 ± 1 0.251 0.191 90 ± 10
YIG/Pt 25.3 3.6 ± 0.4 8.5 0.252 0.190 160 ± 20
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(a) (b)

(c) (d)

FIG. 4. Thermal simulation profile for the STO//GFO/Pt thermospin device. Calculated local temperature within the device that
results from heating: (a) (X 0Z) cut plane and (b) (0YZ) cut plane. The insets show the same distribution near the device (top left) and
at an expanded range through the whole system (top right). (c) z component of heat flux in the out-of-plane direction at the center of
the device as calculated by the numerical method. The inset extends the range in depth including the substrate, showing that the heat
flux close to the bottom of the substrate vanishes. (d) Temperature in the out-of-plane direction at the center of the device as calculated
by the numerical method.

it could potentially help feeding low-power devices in a
similar fashion to other thermoelectric generators. These
applications are especially interesting for the Internet of
Things or wearable devices, where a battery is difficult to
implement or is not desired.

IV. CONCLUSIONS

In summary, we explore the thermospin properties of the
multifunctional material Ga0.6Fe1.4O3 in the form of thin
film for energy harvesting and thermal management appli-
cations. This material provides additional functionality
in terms of ferroelectricity while maintaining the electri-
cally insulating behavior compared to other materials such
as yttrium iron garnet. By using an on-chip approach to
increase reproducibility and carefully considering the heat
flux and thermal gradients in both systems, we find that
the spin-current generation by thermal excitation is com-
parable to the one of yttrium iron garnet. This observation
supports the promises of an efficient spin-current genera-
tion with the possibility of an electric field manipulation
of the magnetic properties of the system in an insulating

ferrimagnetic material. Our results show that this mate-
rial can be exploited in spintronics and spin caloritronics
applications.
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APPENDIX A: SIMULATION OF THE THERMAL
PROFILES IN GFO/Pt and YIG/Pt

1. Parameters for the finite-element simulation of the
thermal profile in GFO/Pt and YIG/Pt

Thermal gradients are calculated in GFO on STO sub-
strate and in YIG on GGG substrate by finite-element
method (FEM) simulations in COMSOL Multiphysics soft-
ware by coupling electric currents and heat-transfer mod-
ules. An electric current density jc = 6 × 10 A/m2 flows
into the Au wire while temperature is fixed at 293.15 K
on the bottom of the substrate. We use thermal insula-
tion condition on all the external boundaries (except the
one whose temperature is fixed at room temperature) and

TABLE II. Parameters for the thermal simulations using COM-
SOL. *Specific heat capacity (Cp ) of GFO is not available in the
literature, so the Cp of SiO2 is used.

t (nm) κ (W/m K) Cp (J/Kg K) ρ (Kg/m3)

GFO 64 4 ± 1 (this paper) 680* 5530
YIG 140 8.5 [29] 600 [30] 5170
STO 100 000 12 [31,32] 437 [32,33] 4891
GGG 100 000 7.5 [34] 380 [35] 7080
SiO2 75 1.3 680 2 270
Pt 5 69.1 130 21 450
Au 150 310 130 19 300
Air 225 0.0262 1 003 1.225

thin layer condition for the Pt layer. We consider a Pt(5
nm)/SiO2(75 nm)/Au(150 nm) wire (27 × 1 um) on either
GGG (100 μm)/YIG (140 nm) or STO (100 μm)/GFO (64
nm). All the parameters of interest for each material are
indicated in Table II.

2. Finite-element simulation of the thermal profile in
YIG

A finite-element simulation is also carried out using the
parameters of the YIG/Pt sample as shown in Table II.
The resulting thermal and heat-flux profiles are similar to
the ones in GFO and can be observed in Fig. 5.

(a) (b)

(c) (d)

FIG. 5. Thermal simulation pro-
file for the GGG//YIG/Pt thermo-
spin device. Calculated local tem-
perature within the device that
results from heating with (a) (X 0Z)
cut plane and (b) (0YZ) cut plane.
The insets show the same distri-
bution near the device (top left)
and at an expanded range through
the whole system (top right). (c)
z component of heat flux in the
out-of-plane direction at the cen-
ter of the device as calculated by
the numerical method. The inset
presents the same information in
the stack including the substrate.
(d) Temperature in the out-of-plane
direction at the center of the device
as calculated by the numerical
method.
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