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Abstract

Since the discovery of the spin Seebeck effect (SSE), much attention has been devoted to the study of
the interaction between heat, spin, and charge in magnetic systems. The SSE refers to the generation of
aspin current upon the application of athermal gradient and detected by means of the inverse spin Hall
effect. Conversely, the spin Peltier effect (SPE) refers to the generation of a heat current as aresult of
a spin current induced by the spin Hall effect. Here we report a strong enhancement of both the SSE
and SPE in Fe;O,/Pt multilayered thin films at room temperature as aresult of an increased thermo-spin
conversion efficiency in the multilayers. These results open the possibility to design thin film
heterostructures that may boost the application of thermal spin currentsin spintronics.



1. Introduction

Thermoelectric effects have been known since the discovery of the Seebeck effect (SE) [1], which is
manifested as the generation of an electrical field (E) in a metal or semiconductor due to a thermal
gradient (VT), resulting in a conversion from heat to electricity. Large expectation of the
implementation of this principle for clean energy applications has been limited by the scarce
improvement of the efficiency of the thermoelectric conversion, which is described by the figure of

5 "
merit ZT = STJT, where T is the system temperature, S = % is the Seebeck coefficient, o is the

electrical conductivity, x the thermal conductivity. In principle, the thermoelectric efficiency can be
enhanced by simultaneously increasing ¢ and decreasing x of amaterial. However, when k isdominated
by the electronic contribution k., it is difficult to change these quantities independently in a material
due to the Wideman-Franz law k, = LaT, where L is the Lorenz number. Similar argument appliesto
the Peltier effect, the Onsager reciprocal of the SE, i.e. the conversion of an applied electrical field into
a heat flow and described by: IT= S T, where IT is the Peltier coefficient. Several other approaches to
improve the thermoelectric conversion performance are currently being investigated [2]. Another
posible route to explore is the study of the interaction between the heat, charge, and spin degrees of
freedom in magnetic materials[3, 4].
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Figure 1. Schematic diagram depicting (a) conduction-electron and (b) magnon spin currents

Recently a new paradigm has gained increased attention: the generation and manipulation of spin
currents (Jg) [5, 6]. This concept relies in the existence of a flow of spin angular momentum without
net flow of charge. Spin currents in metals or semiconductors are originated by a net flow of the spin
angular momentum of the electrons and called electron spin currents. The existence of a spin current
does not necessarily imply the existence of free electrons, as in the former case, but it is also possible
to have spin currents in insulating ferromagnets with localized magnetic moments [7, 8]. In this case,
the magnons provide the excitation mechanism to carry spin angular momentum in the system and
generate spin currents that are called magnon spin currents. (see a schematic view of both type of spin
currentsin figure 1).

Recent advances in this field were made possible thanks to the possihility to generate and detect these
spin currents, Js. Pioneer experiments of spin current generation were done using radiofrequency
excitation in ferromagnetic materials, a phenomenon called spin-pumping [9, 10]. Subsequently, the
discovery of the spin Seebeck effect (SSE) revealed that atemperature gradient in aferromagnet (either
metallic or insulator) can originate thermal spin currents [7, 11, 12, 13]. Others mechanisms, such as
excitation by acoustic waves have also been demonstrated to induce spin currents in ferromagnets [14,
15, 16]. The detection of the Jsis determined by the electrical field that can inducein ametal with large



spin orbit coupling, such as Pt, adjacent to the ferromagnet, and called the inverse spin Hall effect
(ISHE) [9, 17, 18, 19, 20]. More recently, the Onsager-reciprocal of the SSE has also been
experimentally demonstrated, this is the spin Peltier effect (SPE) [21, 22, 23, 24, 25], which consists
on the generation of a heat current as aresult of a spin current injection into the ferromagnet.

This review aims to show the relevance of the thermo-spin effect in magnetic thin film multilayers of
iron oxide and Pt. Here, we report the thermo-spin effect in magnetite (low electrical conductivity) and
maghemite (insulator)/Pt bilayers. These are binary iron oxides crystallizing in a spinel-type structure
having chemical formulae Fe,O, and y-Fe,Os, respectively [26, 27, 28]. The presence of additional F&**
is responsible for the moderate electrical conductivity in Fe;O, [28] and magneto-resistive properties
[29, 30, 31]. The study of the spin current generation in these oxide systems is interesting due to the
high abundance of its constituent elements (Fe and O), the possibility of fabrication of hetero-epitaxial
structures [32] and their higher Curie temperatures (848 K and 900 K for Fe,O, and y-Fe,Os,
respectively), which could be of potential interest for thermoel ectric conversion applications.

Wefound that the SSE isdriven by the thermally generated spin currentsin both iron oxides. Moreover,
in [Fe;O,/Pt],, multilayers the SSE and SPE are strongly enhanced, which can be understood as a result
of a spin current enhancement within the multilayer thickness. We also compare the thermoelectric
power response of spin-Hall thermopile devices and multilayers in which we showed that the design
based in the use of multilayer can achieve the largest power factor found using SSE. Finally, we briefly
review the SSE in a variety of other magnetic oxides.

2. Basic mechanism and measurement procedur e of ther mo-spin effect:
2.1. Spin Seebeck effect (SSE)

Conventionally, the spin Seebeck effect consists on the generation of a spin current in a bilayer system
comprising a ferro-, ferri-magnetic material (FM) and a normal metal (NM) via the magnetization
dynamics induced by the application of athermal gradient. The spin current injected in the NM layer is
electrically detected (SSE voltage) by the inverse spin Hall effect (ISHE) as a result of the spin-orbit
interaction in the NM layer (see figure 1(a)) [9, 17, 18, 19, 20]. To have a better detection efficiency,
the NM is usually a heavy metal, mainly Pt [33, 34]. The ISHE-driven electric field (E,qe) iS given by
the following expression:

Eisie = 0s40(Js x ©), (1)

where 64, and p denote the spin Hall angle and electric resistivity of the NM layer. Js and ¢ are the
spatial direction of the spin current injected into NM across the FM/NM interface (parallel to VT) and
the spin polarization (parallel to the magnetization of the FM), respectively.
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Figure 2. Schematic diagram representing the basic (@) spin Seebeck effect (SSE) and (b) spin Peltier effect (SPE)
mechanism in a FM/NM bilayer with the inverse spin Hall effect (ISHE) and spin Hall effect (SHE) of the NM layer,
respectively. In the SSE athermal excitation drives a spin current while in the SPE an injected spin current induces a heat
current at the FM/NM interface. The symbols: E g, H, M, j o, and Js denote the | SHE-induced electric field, magnetic field,
magnetization, spatial direction of heat and spin currents, respectively.

The SSE was initialy observed in a Nig,Fe,, film [11], and it was theoretically formulated in terms of
conduction electrons. However, the observation of the SSE in magnetic insulators pointed to its
magnonic origin, due to the thermal excitation of localized spins in the ferromagnet. The theoretical
framework was then developed [35, 36, 37] to explain the SSE by the thermal non-equilibrium between
magnons in the FM and electrons in the NM, and the magnitude of the generated spin current was
explained in terms of the difference of the effective temperatures between the magnon and electron
systems. This model only considered the SSE as a result of an effective temperature difference at the
interface, however experimental observations, such as the dependence of the SSE voltage on the
thickness of the ferromagnet [ 38, 39] and its magnetic field induced suppression [39, 40, 41, 42], called
for a refinement of the model. Then, Rezende et al. [43, 44] and Zhang et al. [45, 46] independently
formulated the SSE by the thermally induced bulk magnon spin currents within the ferromagnet, not
just at the interface. Basically, the applied heat drives the magnon system out of thermal equilibrium,
thus generating a magnon accumulation. This results in the generation of a magnon spin current which
is dependent on both; the applied temperature gradient and the induced magnon accumulation due to
non-equilibrium magnons. Using their model several aspects of the SSE can be explained, such as the
dependence on the FM thickness [38, 39], the temperature dependence [39, 43], the suppression of the
SSE at high magnetic fields[39, 40, 41, 42], the multilayer SSE [47, 48, 49] (which is described below)
and the observation of the SSE in antiferromagnetic materials [50, 51, 52, 53]. Other models have also
been developed to explain different aspects of the SSE [54-68].

The SSE can be measured in two different experimental arrangements, these are the transverse and
longitudinal SSEs, their names originate from the relative direction between the spin current and the
applied temperature gradient, being perpendicular/parallel for the transverse/longitudinal SSE (see
figure 3(a)/3(b)). The first experimental observation of the SSE in Nig,Fe,q was performed employing



the transverse SSE geometry, in this configuration the thermal excitation of the magnetization induces
a spin current injection across the FM/NM interface, and it is detected by the ISHE in an attached Pt
wire. In principle, the transverse SSE can be used to detect the SSE in magnetic material sindependently
of their electronic transport properties. metals, semiconductors, insulators[7, 11, 69, 70, 71]. However,
this configuration is very sensitive to the thermal design of the measurement system, which can result
in a voltage locally-driven by the longitudinal SSE and/or spurious voltages due to conventional spin
dependent thermoelectric effects[72, 73, 74, 75].
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Figure 3. Schematic of the experimental configuration for the measurement of the (a) transverse, (b) longitudinal SSE and (c)
thermal imaging of the SPE effect

Due to the above-mentioned complications with the transverse SSE, in this article we will focus on
measurements in the longitudinal SSE (see figure 3(b)), which we will simply refer to as the SSE
hereafter. Dueto its simplicity, this configuration is the most commonly employed to experimentally
investigate the SSE. Other possible experimental method is the non-local SSE, which is described
elsewhere[76, 77, 78]. Inthelongitudinal SSE, theinjected spin currentisparallel to thethermal gradient,
applied in the direction normal to the NM/FM interface, along z in figure 3(b), the magnetic field is
directed in the x direction and the electric voltage detected in the y direction. This experimental
configuration is similar to the one employed to measure the anomalous Nernst effect (ANE) in
electrically conductive ferromagnets [79, 80, 81, 82, 83, 84, 85]. Therefore, this configuration should be
ideally employed to measure the SSE of electrically insulating materials, since in conductive materials
the SSE and ANE are entangled. However, we have previously shown that in ferromagnetic materials
with poor electrical conductivity, the SSE dominates the spin-driven thermoelectric response due to the
suppression of the ANE-driven voltage of the FM by the larger electrical conductivity of the NM layer,
as described in section 3.2.1 [86].

2.2 Spin Peltier effect (SPE)

The spin Peltier effect (SPE) isthe Onsager-reciprocal of the SSE, it consists on the generation of a heat
current in response to a spin current injection across a FM/NM interface (parallel to the surface normal
n) [21-25, 87, 88, 89]. The spin current is normally generated by means of the spin Hall effect (SHE) of
the NM layer, such as Pt and W [33, 34], where a charge current (j ) induces a spin accumulation: ps(]|
G) o« O44jc x N and a spin angular momentum flow (or spin current j¢) at the FM/NM interface via the
interfacial exchange coupling (see figure 1(b)). The injected spin current generates a magnon excitation
in theferrimagnet, increasing or decreasing the number of magnons depending on the relative orientation



between o and M (parallel or antiparallel), this induces a temperature difference due to energy transfer
by the spin current injection at the FM/NM interface, which can be understood by the following relation:

ATgpe o pgM o< (jc x N)-m, ()

For a more detailed theoretical description of the SPE, the reader is referred to the recently developed
theoretical models [87, 88, 89].

The SPE-driven temperature difference in FM/NM junctions has been detected by means of two
different experimental methods: thermocouple sensors [21, 25] and lock-in thermography [22, 23, 24].
In this paper, we review measurements performed using the lock-in thermography method [90, 91].
Here, the infrared thermal radiation emitted from the sample surface is measured by an infrared (IR)
camerawhile arectangular wave charge current with amplitude J., frequency f is applied to the Pt layer
of the samplesin they direction, and an in-plane magnetic field H with magnitude H is applied in the x
direction (see figure 3(c)). The obtained thermal images are transformed into the lock-in amplitude A
(A>0) and phase ¢ (0 < ¢ < 360) images by Fourier analysis. By extracting the first harmonic response
of the thermal images the contributions from the SPE (time varying response) (oc J.) and Joule-heating
(constant in time) (o< J.2) can be separated. The detected IR intensity is converted into temperature
information following the calibration method detailed in the supplementary information of [22].

3. Spin Seebeck effect in Fe-based binary spinel oxides:
3.1 y-Fe,O4/Pt system

We have investigated the SSE of y-Fe,O;, an electrical insulator with a band gap of ~ 2.0 eV [26]. Both
y-Fe,0; and Fe,O, have similar crystal structures, with the difference that only Fe** cations are present
in y-Fe,O; and charge neutrality is achieved by the presence of cation vacancies in the octahedral sites
[26]. y-Fe, 05 is awell-known ferrimagnetic material with a high Curie temperature ~ 900 K, which has
been used in magnetic recording technologies [27].

The films shown here were obtained by in-situ oxygen annealing of Fe,O, films, previously deposited
by pulsed laser deposition (PLD), for 2.5 h under different oxygen partial pressures. Figures 4(a) and
4(b) show the results of the X-ray diffraction and temperature dependence of the magnetization,
respectively. After oxygen annealing, the (004) peak reflection shifts to a higher angle with avalue in
reasonable agreement to that of y-Fe,O;. Moreover, the Verwey transition [28] observed in
magneti zation measurementsfor Fe,O, film (figure 4(b)) disappears upon oxygen annealing, as expected.
For more details about sample fabrication procedure and characterization see Ref. [92].

The results of the SSE measurements are shown in figure 5(c), we can see that the magnitude of the
measured voltage is quite similar for all the samples, with aslight increase for the sasmple annealed under
higher oxygen partial pressure. This result suggests that both oxide films possess similar spin current
generation properties [92, 93], therefore in the rest of this review we will focus on the results obtained
in bilayers and multilayers based on Fe,O, due to the simplicity of sample preparation.



T T T
L g g=a—4
[ . 1 mTorr, .::v:‘:_ﬂ,l-lfl
h—
—A—100 mTorr

1-Fe,04 100 mTorr:

A
a—A—A—A

QO
~
%
" -l
=
O
~
°

3
+Fe,05 10 mTorr

F9304

Intensity (a.u.) —~
m/m (150K)

-
|
.
|
-
e @
(]
R

I 00 1 |
43 44 30 60 90 120 150

IS
S

20(°) T(K)
T
(© | —=—Fe0O,
5 - ——10mTorr
I —— 100 mTorr
AT=1K
S o
=
>
-5 -
!

05 0.0 05
#,H (T)

Figure 4. (a) X-ray diffraction patterns around the MgO(002) reflection showing the (004) reflections for Fe;04 and y-Fe,03
under different oxygen annealing pressures. The dashed line shows the expected (004) reflection of y-Fe,05 after considering
a constant volume unit cell. (b) Temperature dependence of the magnetization measured under a constant external
magnetic field poH = 0.05 T (characteristic Verwey transition at T~ 110 K is present for Fe30,4 film [28]). (c) SSE-induced
voltage for Fe304 and y-Fe,03 annealed under different oxygen partial pressures. The thickness of the iron oxides is 60 nm
and the Pt thickness is 7 nm. Adapted from Jiménez-Cavero et al. [92].

3.2 Fe;,0,/Pt system

3.2.1 Bilayers
As previously discussed, the SSE in the longitudina configuration and the ANE share the same
experimental geometry. The ANE induced electric field (Eane) iS given by:

Eane = Qanetto(VT x M), (3)

were Qane Ho, VT, and M are the ANE coefficient, vacuum permeability, applied thermal gradient and
magnetization of the sample, respectively. We can see that this expression has a clear resemblance to
that of the ISHE-induced electric field in an in-plane magnetized (IM) configuration (see equation (1)).
Therefore, when measuring the SSE in non-insulating ferromagnets, the contributions from ANE and
SSE can be entangled [94, 95, 96]. However, we have previously shown that, when the electrical
conductivity of the ferromagnet is comparatively lower than that of the normal metal, the SSE
dominates the transverse thermoel ectric voltage response, as a conseguence of the suppression of the
ANE voltage of the ferromagnet by the larger electrical conductivity of the NM layer [86]. Since Fe,0,
has a moderate electrical conductivity due to electron hopping between the octahedral-coordinated Fe
cations due to their mixed electronic valences (equal number of Fe** and Fe*") [28], an ANE-driven
transverse thermoel ectric voltage response is present [84]. However, due to the electrical resistivity of
Fe;0, (Presos = 6.94x10° Qm) being about two-orders of magnitude larger than that of Pt (pp, = 1.39x10
" Qm), in the Fe,O,/Pt junction system the contribution from the ANE of Fe,O, to the transverse
thermoel ectric voltageis strongly suppressed. We have measured the ANE and SSE in Fe,O, layer and
Fe,O,/Pt bilayers (see figure 5) with thicknesses trs0, = 34 nm and t = 17 nm, and found that the ANE



is strongly suppressed with the SSE giving the dominant contribution to the transverse thermoel ectric
voltagein the Fe;O,/Pt system [85]. More details about sample preparation can be found el sewhere [47].
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Figure 5. Transverse thermoelectric voltage measured at 300 K in the (a) in-plane magnetized (IM) and (b) perpendicular
magnetized (PM) configuration on a MgO(001)//Fe;0,(34) and MgO(001)//Fe;04(34)/Pt(17)SSE heteroepitaxial thin films
(thickness in nm).The insets show the experimental geometry configuration in each case. The purple line in (a) indicates
the estimated contribution from the ANE of the Fe;0, layer in the Fe;0,/Pt sample after considering the effect of shunting
of Pt in equation 5. Adapted from Ramos et al. [47]

The amount of ANE suppression can be estimated by considering the expression of the charge current
density (J',) under applied electric fields (E') and thermal gradients (V,.T) in the linear response region:
Jo= 0, B - %, V,T, where &’,, and o, are the elements of the electric and thermoelectric
conductivity tensors, respectively. This expression can be expanded, under the conditions of the SSE in
aFM/NM bilayer, to obtain the following relations:

Fem = 0% B+ 0%en BV - ;v (V2 TDeus
Few = 0 E + 0”en B - %k (V. 1)ru,
Fam = 0w E* - (V1w
Fwm =0"w F. (4)

The SSE measurement is performed in open circuit condition: 17 = Ay, = A¥yw =0and I’ = Sy Py +
SwFnu = 0, where A = L,L, isthe area of the junction normal to the film surface and S, = L,t,, isthe
area along the y direction, where t,, (m: FM, NM) represents the thickness of each of the layers of the



FM/NM bilayer. Solving equation (4) with the open circuit condition, we obtain the following
expression for the electric field in the normal metal due to the ANE of the ferromagnet [86]:

B = r/(1+r) Eane 5

where r = (pum/ Pem) (tewftam) accounts for the degree of suppression of the ANE electric field from the
FM layer by the NM layer (shunting factor), with pgynw = 1/opwnw DeEING the electrical resistivity of
the FM/NM layer. Considering the values of resistivity and thickness for the films in the Fe;O,/Pt
bilayers, we can estimate the voltage contribution from the ANE of the Fe;O, film, accounting for about
0.4 % of the SSE voltage measured in the Fe;O,/Pt bilayer (see figure 5(a)), clearly showing that the
transversal thermoelectric voltage in this system is mainly driven by the SSE effect. Moreover, we
measured the ANE in the perpendicular magnetized (PM) configuration, performed by interchanging
the directions of VT (|| x) and H (]| 2) (see inset of figure 5(b)). In this configuration only the ANE is
present, since the SSE cannot be detected due to the ISHE geometry: s|| Js|| z dueto M || z, see equation
1. The result shows that the ANE in the Fe;O,/Pt bilayer is negligible (see figure 5(b)), this is in
agreement with a dominant SSE thermoel ectric response in Fe;O,/Pt junction systems.

3.2.2 Multilayers

We have previously studied multilayers formed by repeated growth of [Fe;O,/Pt] bilayer structures as
schematically depicted in figure 6(a). We have observed that in the multilayers is possible to obtain
both an enhancement of the SSE voltage (see figure 6(b)) and reduction of device resistance [47],
therefore achieving improved thermoelectric power output characteristics in this type of systems[48].
The reduction of the multilayer resistance is expected, since the system can be understood as a set of
thin film layers electrically connected in parallel. However, the observed voltage enhancement is quite
surprising and cannot be explained by asimple picture of thermal spin injection at the FM/NM interface.
In this picture, the multilayer is treated as a set of independent Fe;O,/Pt bilayers connected in parallel
with a constant heat flow, and therefore the magnitude of the injected spin currents at the Fe,O,/Pt
interfaces considered to be constant (see figure 6(d)), then a voltage enhancement is only expected for
the inner Pt layers due to additive spin current injection from both top and bottom Fe,O,/Pt interfaces.
Inthelimiting case of amultilayer consisting of avery large number of bilayers, the maximum expected
voltage in this scenario would be V =~ 2 Vg, (where Vg, refers to the SSE voltage of a single Fe;O,/Pt
bilayer).
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Figure 6. (a) Schematic representation of the multilayer structures for the SSE measurements. (b) Magnetic field dependence
of the SSE voltage measured at 300 K for the [Fe;04(34)/Pt(17)],, multilayers for different number of bilayers n (thickness in
nm) and (c) the n dependence of the SSE coefficient obtained from the SSE voltage value at 0.7 T (Ssse = (Vi (0.7)/AT)(L,/L,)).
The red dot line shows the qualitative comparison to the theoretical model of the multilayer SSE and the grey dashed line
shows the expected maximum enhancement from (d) a simple thermal spin current injection picture in multilayers. (e)
Schematic representation of the spin current enhancement in the FM/NM multilayer system (size of arrow proportional to
spin current magnitude and (f) spin current profile across the multilayer from our theoretical model. Adapted from Ramos
etal. [47]

Figure 6(b) shows the magnetic field dependence of the SSE voltage of a set of [Fe,O,/Pt], multilayers
measured at room temperature, it can be observed that the voltage increases significantly upon
increasing the number of bilayers n, with more than a 4x increase between a single bilayer (n=1) and a
multilayer with n = 6. Thisis quite unexpected and clearly exceeds the maximum expected value (V ~
2 Vg, for n—>) considering the simple picture described above. Figure 6(c) shows the measured SSE
coefficient (defined as Sss = (Vi /AT)/(L,/L,)) obtained from the saturating field value for the different
multilayers, we can see that even for n = 2 the measured voltage clearly exceeds 2 Vg, . Similar voltage
enhancements have been also reported in other multilayer systems based on all-metal [94, 95] and all-
oxide layers [97], however in these systems the contributions from ANE and SSE cannot be easily
separated, due to the similar resistivities of the FM and NM layers.

Now, let us discuss the different possibilities behind the observed SSE enhancement in the multilayers.
One possibility could be a decrease of the thermal conductivity in the multilayers due to the increased
number of interfaces, however thermal transport measurements in the [Fe,O,/Pt], multilayers have
shown an almost independent value of the thermal conductivity with the number of Fe,O,/Pt interfaces
[47], suggesting that other mechanism must be responsible for the observed SSE voltage enhancement.
Another possibility is the modulation of the spin transport across the multilayer thickness. To further
explore this possibility, the effect of a spin current suppression in the multilayers was studied. Thiswas
performed by replacing the inner Pt interlayers of the sample for thick MgO layers, leaving only the
topmost Pt layer, therefore heat transport across the multilayer thickness was maintained (MgO is a
good thermal conductor), while the electron and spin transport across the multilayer thickness is
suppressed. The results of this measurement are shown in figure 7, where the measured SSE voltages



of a Fe;O,/Pt bilayer, a [Fe;O,/Pt]; multilayer and a [Fe;0,/MgO]./Fe;O,/Pt multilayer are compared.
The SSE voltage shows a strong suppression upon insertion of MgO interlayers, as a consequence of
the absence of spin current propagation through the MgO interlayers, the obtained SSE voltage is
comparable to that of a single Fe;O,/Pt bilayer. This result points to the spin transport across the
multilayer thickness as the possible origin for the observed SSE enhancement, in which the existence
of multiple Fe;O,/Pt interfacesis arelevant factor.

10 —~——————————————
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Figure 7. Effect of insertion of an electrically insulating 8nm thick MgO layer between the Fe;0, layers, only the topmost Pt
layer is kept for the detection of the SSE on the multilayer SSE. The samples compared are a Fe;0,/Pt bilayer, a [Fe304/Pt];
and a [Fe30,/Mg0],/Fes;0,/Pt multilayers. The layer thicknesses are 34 and 17 nm for Fe;0, and Pt, respectively. Adapted
from Ramos et al. [47]

Now let us briefly introduce the details of the model used to qualitatively explain the physics behind
the SSE voltage enhancement in [FM/NM],, multilayers. In this model, two types of spin currents are
considered: magnon spin currents (Jy) in the FM layers[8, 43, 44, 45, 46] and conduction-electron spin
currentsin the NM layers (Jg). Then, we consider boundary conditions for the spin current propagating
across the FM/NM interfaces: continuity of the magnon and conduction-electron spin currents at the
different FM/NM (NM/FM) interfaces of the multilayer [43, 44, 45, 46, 98] and the cancellation of the
magnon and conduction-electron spin currents at the bottom and top surfaces of the multilayer structure.
The above conditions result in a modification of the magnitude and spatial profile of the spin current:
the continuous and non-vanishing spin current at the inner FM/NM interfaces of the multilayer results
in an enhancement of the spin current, with maximum values at the inner layers of the multilayer (see
the supplementary information of Ref. [47] for adetailed discussion). A schematic of the predicted spin
current profile using our model is shown in figure 6(f), the effect can be understood by the appearance
of a new length scale that characterizes the overall variation of the spin current in the multilayer, and
the presence of NM layers within the multilayer that electrically detect the large spin currents at the
inner layers of the multilayer. The effectively measured SSE is an average over all the NM layers, due
to the parallel contact between all the layers, and thus proportional to the average spin current over all
the NM layers (<Js>). The predicted values of the average spin current are shown in figure 6(c), we can
clearly see that the model qualitatively reproduces the observed dependence of the SSE on the number
of bilayersn.

4. Spin Peltier effect in Fe-based binary spinel oxides: Fe;O,/Pt system

As described previously, the SPE refers to the generation of a heat current as a result of a spin current
injected across the NM/FM interface. The spin current is normally generated by means of the spin Hall



effect in the NM layer [33, 34], which induces a spin accumulation near the NM/FM interface and thus
injects a spin current into the FM layer.

In this section, we will discuss the results of the spin Peltier measurements in the [Fe,O,/Pt],, systems
using the lock-in thermography (LIT) technique, reported in [23]. Let us first describe the
phenomenological behavior of the SPE in the LIT measurements with focusing on the results obtained
for the n = 6 multilayer system. Figures 8(a) and 8(b) show the amplitude (A) and phase (¢) images for
amagnetic field of ygH =1 T applied along the +x direction, we can see a clear temperature modulation
appearing with a phase of ¢ = 0°. Interestingly, upon reversal of the applied magnetic field direction (H
|| -x), the phase changes by 180°, while the magnitude of A remains constant (figures 8(c) and 8(d)).
Figures 8(e) and 8(f) show the comparison of the magnetic field dependence of A and ¢ to the
magnetization of the n = 6 sample, respectively. It can be clearly seen that the magnitude of A traces
the magnetization of the sample and that the sign of the current-induced temperature modulation on the
sample surface is reversed (180° phase shift) upon reversal of the magnetization of the sample. This
result is consistent with the expected behavior of the SPE, thus confirming the spin origin of the
measured temperature modulation, further details can be found in Ref. [23].

[Fe,0,/Pt],
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Figure 8. (a) and (b) Amplitude A and phase f images of the lock-in thermography measurements for the [Fe;04(23)/Pt(7)]s
sample (thickness in nm). (c) and (d) show the A and f measured upon reversal of the magnetic field direction. (e) and (f)
Comparison of the magnetic field dependence of A and f to the magnetization of the sample. (g) Dependence of A on the
applied charge current density for n = 1, 6 and 12. The inset shows the n dependence of the SPE enhancement
(ITspe(n)/Tspe(1)), where Ilspe(n) is given by the slope of the curves for each n. Adapted from Uchida et al. [23].

Now let us move to the dependence of the SPE magnitude on the number of bilayers n. We can clearly
observe a dramatic increase in the magnitude of A with an increasing number of bilayers n. In figure
8(g) the dependence of the SPE with the magnitude of the applied electric current density (j.) is also
shown for three different samples (n =1, 6 and 12), showing a linear dependence (consistent with the
characteristics of the SPE). The slope of these curves gives the SPE magnitude per charge current
density (I1sx) as a function of number of bilayers n. This is shown in the inset of figure 9(g) after
normalizing vsthe value for n =1, which gives the enhancement factor of the SPE (ITge(N)/ see(1)). A
strong increase, reaching afactor of 40 for n = 12, is observed. The observed SPE enhancement cannot
be explained by considering the multilayers as stacks of independent Fe;O,/Pt bilayers, which gives an
enhancement ratio of only 23 (proportional to the number of interfaces 2n-1). The observed
unconventional enhancement can be explained using amechanism similar to that used for the multilayer
SSE [47], consisting on aredistribution of the magnon and electron spin currents across the multilayer
thickness as described in the previous section. These results demonstrate the reciprocity of the SSE and
SPE in multilayer systems and pave the way for realization of spin-current-based thermoelectric
conversion devices.



5. Towardsimproved SSE thermoelectric conversion:

5.1 Common approaches

The SSE has potential advantages over conventional thermoelectric conversion technologies for heat
energy harvesting or sensing applications due to its observation in magnetic insulators [4]. Moreover,
the experimental geometry, with independent and perpendicular paths for the heat and electric currents,
allowsto have two materials that can be optimized independently and easy implementation of thin film
and flexible devices over large surfaces by thin film coating [99, 100]. However, one obstacle for the
implementation of thermoel ectric conversion devices based on the SSE isthe low magnitude of the SSE
thermopower. Several approaches are currently being explored in this direction [12]; these include
increasing the spin-current detection efficiency by using metallic layers with improved spin Hall angle
characteristics [101, 102, 103], spin momentum locking in topological insulators [104, 105], hybrid
ANE/SSE thermoelectric generation in thin films or bulk composite systems [96, 106, 107, 108], spin
Hall thermopiles (figure 10(a)) [40, 109], and [FM/NM],, multilayers [23, 47, 48, 49, 94, 95, 97].

The spin Hall thermopiles improve the electrical detection of the SSE by enhancing the SSE voltage.
Thisis achieved by using two different materials with different spin Hall angles, that are alternatively
placed on top of a ferromagnetic material connected in series forming a zig-zag structure (see figure
9(a)) [48, 109]. Figure 9(b) shows the comparison of the SSE thermoel ectric voltage response between
a single Fe;O,/Pt bilayer and a spin Hall thermopile comprising a set of 6 parallel Fe,O,/Pt wires
connected in series forming a zig-zag structure using a metal with negligible spin Hall angle (130 nm
of Al) (seeinset of figure 9(a) for an optical image). We observe a clear enhancement of the SSE voltage
in the thermopile structure with thermoel ectric voltages of 10 uV/K and 50 uV/K for the single bilayer
and thermopile structure, respectively. In the zig-zag structure, the estimated SSE voltage per Fe;O,/Pt
wireis ~ 8.2 uV/K, obtaining a value of the electric field per unit of temperature difference VIL AT ~
1.6 mV/Km, which is consistent with the electric field of the Fe;O,/Pt bilayer, therefore implying that
the larger SSE voltage in the thermopileis a consequence of an increased effective length of the sample
and that further enhancements can be obtained by increasing the wire integration density of the devices
[109]. Despite the increase of the SSE voltage in the spin Hall thermopile devices, the output power,
obtained by measuring the SSE voltage on a resistive load (R ) attached to the SSE device (inset of
figure 9(c)), shows no improvement when compared to the single bilayer case (figure 9(c)). This
situation arises as a consequence of the fact that, in the thermopile structures, the effective device area
isreduced in the patterned device and the voltage enhancement is due to the increase in effective length
of the sample, resulting in an increase of the internal resistance of the thermopile [13], which strongly
limits the extractable power of these devices.
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Figure 9. lllustration of the SSE measurement in a (a) spin Hall thermopile system (the optical image shows a Fe;0,/Pt
thermopile with Al(130) interconnecting wires. (b) Magnetic field dependence of the SSE voltage measured at 300 K and with
an applied temperature difference of AT =1 K in a Fe30,4(50)/Pt(5) and a spin Hall thermopile fabricated on the same bilayer
(thickness in nm). (c) Thermoelectric power output characteristics of the bilayer and the spin Hall thermopile structures
measured as a function of the magnitude of a variable load resistance (R,) connected to the device under test (see inset).
Adapted from Ramos et al. [48]

5.2 Our approach: [Fe;O,/Pt],, multilayer

We have seen that the SSE-driven thermoel ectric voltage in [ Fe;O,/Pt], multilayersis strongly enhanced
as a consequence of a possible spin-current increase within the multilayers. In fact, a reduction of the
Pt thickness results in a larger SSE voltage (see figure 10(a)). Moreover, in the multilayer system, the
voltage increase is accompanied by a reduction of the sample resistance, thus an increase of the
extractable thermoelectric power from the device is expected. We estimated the deliverable
thermoelectric power of the [Fe,O,/Pt], multilayers by performing measurements of the voltage on a
variable resistive load connected to the multilayers, as previously done for the thermopile structures
(inset of figure 9(c)). Figure 10(b) shows that the output power characteristics of the [Fe;O,/Pt],
multilayers are largely improved, with an enhancement of more than two orders of magnitude from the
single bilayer (n = 1) to the multilayer with n = 12. This result demonstrates that the overal
thermoelectric performance of the multilayers has clear advantages with respect to a single FM/NM
bilayer and spin Hall thermopile structures.

According to the multilayer SSE model, the enhancement of the SSE in multilayers is expected to be
strongly dependent on the spin transport characteristicsin FM and PM layers, as we have observed in
temperature dependent measurements [49]. Here, an increase of the multilayer enhancement ratio was
observed to increase with decreasing the temperature, in agreement with larger characteristic lengths
for spin transport in Fe;O, and Pt at lower temperatures [93, 110]. This result suggeststhat thereisroom
for further improvement of the multilayer SSE performance by selection of materials with better spin
transport characteristics.
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Figure 10 (a) Magnetic field dependence of the SSE voltage in [Fe304(23)/Pt(7)], multilayers with n = 1, 6 and 12 (thickness
in nm) and their (c) thermoelectric power output characteristics determined from the voltage measured on a variable load
resistance as shown in the inset of figure 10(d) (figure shows values estimated from SSE voltage at H = 0.7 T). Adapted from
Ramos et al. [48]

6. Spin Seebeck effectsin other magnetically-ordered materials.

In the previous sections, we have described the SSE in FM/NM-based bilayer and multilayer systems,
where FM is a ferro- or ferri-magnet material, and NM is a normal metal (NM). More recently, heat
driven spin currents by the SSE have been observed in a wider range of materials presenting different
types of magnetically ordered arrangements, these include: compensated ferrimagnets,
antiferromagnets, paramagnets, systems with frustrated magnetic order and amorphous materials [50,
51, 111, 112, 113, 114]. In this section, we will briefly provide an overview of these recent
developments.

As previously shown in section 2.1, the SSE was initially formulated in terms of conduction electrons
[11], however with the observation of the SSE in magnetic insulators the theoretical framework was
reformulated in terms of temperature differences between the magnon and electron systemsin FM and
PM, respectively [35, 36, 37]. It is now commonly agreed that the SSE results from the thermal
generation of magnon spin currents in the FM and electrically converted by the ISHE in the NM [43,
44, 45, 46, 65, 115]. Usually the FM insulator is treated as a conventional ferromagnet with a net
magnetization, despite its ferri-magnetic nature, with more than one magnetically ordered sublattice
[116, 117].

One exampl e of the observation of the multiple magnetic sublattice nature of aferrimagnet by the SSE,
isillustrated by measurements in Gd;Fe;0,,[111], a compensated ferrimagnetic oxide with a magnetic
compensation point at a temperature of around T, ~ 288 K [118]. In this system, the SSE shows a sign
reversal as the temperature is decreased across the magnetic compensation point (T.), demonstrating
the dependence of the SSE on the individual magnetization of the sublattices of the ferrimagnet, in
agreement with theoretical predictions [56]. Furthermore, as the temperature is further reduced an
additional sign reversal was observed, which was explained as a consequence of the spin current
induced by higher-energy magnon modes of the material, proving the dependence of the SSE on the
complex spin wave dynamics in ferrimagnets [111].

The dependence of the SSE on the details of the spin wave spectrum has been further demonstrated by



measurements of the SSE in antiferromagnetically ordered materials [50, 51]. In these materials two
equivalent sublattices with opposite spin polarizations are present, giving rise to two overlapping spin
wave dispersions with opposite spin polarizations, application of arelatively strong field can split these
spin wave modes, where the frequency of the modes is increased/decreased depending on the relative
orientation of the spin polarization with the applied magnetic field, and results in the generation of a
net spin current [52]. This antiferromagnetic-spin-wave-driven SSE has been experimentally
demonstrated for Cr,0; [50] and MnF, [51], these studies also report the observation of a characteristic
spin-flop induced voltage when a large magnetic field is applied along the crystalline easy axis of the
antiferromagnet, thus demonstrating the antiferromagnetic origin of the observed signal.

Common SSE theoriesrely on long-range magnetically ordered materials, however recent studies show
the existence of a SSE in insulating paramagnetic oxides [112] and magnetically frustrated systems
(one-dimensional spin-1/2 chains) [113], where no long-range magnetic order is present. The observed
SSE is understood as a result of short ranged magnetic correlations which can drive spin currents,
however the origin of the SSE in paramagnets and one-dimensional spin-1/2 chain systems is
fundamentally different, being driven by a spinon spin current in the latter case [113]. In light of the
above, it is aso interesting to mention the recent observation of a spin-transport in an amorphous
magnetic insulator [114]. The SSE was also previously observed in a non-magnetic semiconductor
[119] at low temperatures and high magnetic fields, however its origin is fundamentally different from
the SSE phenomena discussed here.

Another parameter that can be tuned in the SSE is the materials used for electrical detection of the
thermally generated spin current by the ISHE, where Pt isthe most commonly used material, asthe spin
current detection efficiency isrelatively large in this metal [33, 34]. Recently, the ISHE has also been
investigated in antiferromagnetic [120, 121, 122] and ferromagnetic metals [105, 106, 107, 123, 124,
125, 126, 127], these studies open the possibility to explore a wider range of materials which are
fundamentally interesting and can also possibly lead to increased thermoel ectric conversion efficiency
of SSE devices, due to combined thermoel ectric generation by means of the SSE and ANE.

7. Summary and outlook.

We have investigated thermo-spin effects in Fe-oxide based heterostructures. We have mainly focused
on the results of the thermos-spin conversion in multilayers formed by repeated growth of FM/NM
bilayers, particularly [Fe;O,/Pt]-based systems. M easurements of the SSE and SPE in such multilayer
systems present a strong enhancement of the thermoelectric conversion response; this enhancement
cannot be simply explained by the system geometry, but other factors need to be taken in consideration.
Basically, the propagation of the spin current in the multilayer geometry allows for an enhancement of
the spin current in the middle layers of the multilayer structure, due to the continuity and non-zero value
of the spin current in the inner interfaces of the multilayer.

We have shown the results on the thermoelectric response of spin Hall thermopiles and multilayer
systems: in the former case the sensitivity is increase at the expense of a device resistance increase,
resulting in no improvement in the deliverable thermoel ectric power. However, the multilayer system
with a simultaneous increase in the thermoel ectric response and reduction of device internal resistance,
was shown to improve the deliverabl e thermoel ectric power on an external resistive load, reaching two
orders of magnitude increase with respect to asingle bilayer structure. This represents asignificant leap
in the thermoelectric efficiency of the SSE and SPE. Moreover, the observed multilayer SSE



enhancement is expected to further improve by selection of materials with better spin transport
characteristics.

Finally, we also summarize recent results of the SSE in materials with types of magnetic order other
than conventional ferro-/ferri- magnetic systems. These can enrich the physical understanding of the
thermo-spin effects, span spin-current studiesin other areas[128, 129, 130], and possibly provide novel
routes of exploration to improve the efficiency of SSE-thermoelectric conversion.
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