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Abstract

We have studied thermoelectric conversion in all-ferromagnetic CosFego_s/YIG
bilayer junctions as a function of the ¢hemical composition §. We performed
measurements of the transverse thermoelectric voltage upon application of a
magnetic field. The voltage measured in the longitudinal spin Seebeck effect
configuration shows a sign reversal at 6 = 40 %, which cannot be explained
by the conventional electronic transport, such as the anomalous Nernst and
Hall effects in the CosEeigg_s layer. Our results suggest a possible role of the
sd-type exchange interaction between CoyoFegy and YIG at the interface as
a possible origin for the observed behavior.

Keywords: Spintronics, Spin caloritronics, Spin Seebeck effect, Anomalous
Nernst effect

1. Introduction

The interaction between heat, spin and charge degrees of freedom is the
central topic of the field of spin caloritronics [1, 2]. One of the most promi-
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nent effects studied within the field is the spin Seebeck effect (SSE) [3]: the
spin counterpart of the conventional Seebeck effect. The SSE consists in
the thermal generation of spin currents in a magnetic material. In contrast
to conventional Seebeck effect, the SSE has also been observed in ferrimag-
netic insulators (FI) [4, 5], expanding the range of available materials for
SSE studies [6, 7, 8, 9, 10, 11, 12], and having the potential advantage of
thermoelectric generation, due to the absence of mobile carriers in FI. More-
over, the SSE geometry is advantageous for the implementation of thin film
and flexible thermoelectric devices [13, 14]. However, the magnitude-of the
extractable power is one of the main roadblocks for achieving a functional
device [15, 16]. Extensive efforts are currently being devoted in-this direc-
tion, such as spin Hall thermopiles, multilayer devices [17, 18,19, 20, 21, 22]
or bulk composites [23].

In the SSE, the thermally generated spin currents are detected by means of
the inverse spin Hall effect (ISHE) in an adjacent paramagnetic metal (P) as
an electric field given by the expression:

Eisup = Osup(Js X a), (1)

where Osy and p denote the spin Hall angle and electric resistivity of P,
respectively. Eisyg, Jg, and o are the electric field, spatial direction of spin
current (perpendicular to the P/Fluinterface) and spin-polarization vector
(parallel to the magnetization, M). Platinum is one of the most commonly
used materials for ISHE detection, due to its comparatively large spin-Hall
angle [24, 25], although the spin-charge conversion efficiency is about 10%
and it is also a non cost-effective material.

Recently, the ISHE in ferromagnetic metals (FM) has been reported [26, 27,
28, 29|, with the observation of a relatively large spin Hall angle for permalloy
(Py) [26, 27].dn FM materials the transverse thermoelectric voltage results
from the combined effect of the SSE and anomalous Nernst effect (ANE),
since both share the same experimental geometry [see Fig. 1(a)]. The ANE
generated electric field can be expressed as:

Eane = Qspo(VT x M) (2)

where 1y and Qg are the vacuum permeability and ANE coefficient, respec-
tively. The observation of the ISHE in other antiferromagnets [30, 31, 32]
and ferromagnets [26, 27, 28, 33, 34, 35|, has opened the possibility to ex-
plore a wider range of materials, which are fundamentally interesting, due
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to the possibility to study the interrelation between the ISHE and conven-
tional magnetotransport properties. Furthermore, this type of systems are
potentially advantageous for applications, since they can lead to increased
thermoelectric conversion efficiencies due to hybrid voltage generation by
means of additive contributions from the SSE and ANE in the FM layer.
Here, we performed a systematic study of the transverse thermoelectric effect
in CosFejp0_s/YIG system and compare it to its conventional thermoelectrie
and electric transport properties. It has been previously shown that the sign
of the spin Hall angle in the transition metals can be tuned by the d-orbital
filling [34, 36, 37|, therefore by studying the CosFejg9_s electrode system we
may get further information about the effect of orbital filling on-the ISHE in
the ferromagnetically ordered 3d transition metal system.
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Figure 1: (a) A schematic illustration of hybrid thermoelectric generation by combined
SSE and ANE in a bilayer system formed by the junction of a ferromagnetic metal (FM)
and a ferrimagnetic insulator (FI) using the longitudinal spin Seebeck effect measurement
geometry. (b) An EDX spectrum of the CosFe;_s5/GGG for ¢ ranging from 0 (Fe) to 100
% (Co). Inset shows detail of Ferand Co L, peaks.

2. Material and methods

The CosFeip0_s(10 nm) FM electrodes of different compositions were de-
posited, by electron beam evaporation, on isostructural paramagnetic insula-
tor Gd3Ga;012(111) (GGG) and ferrimagnetic insulator YIG(112 pm)(111)/GGG(111)
single crystalline substrates, also referred to as PI and FI, respectively. The
GGG substrate thickness is L, = 0.4 mm. The YIG film was grown by a
liquid phase epitaxy method; its exact composition is BiggsY2.96Fe5012. Bi
is used to improve the lattice matching between YIG and GGG. Therefore
structural induced effects, due to the different substrates, on the magnetic



properties of CosFejgp_s films are expected to be negligible. Prior to the
deposition of the FM electrodes the substrates were polished with alumina
slurry. The CosFeigg_s films with nominal compositions 6 = 100, 90, 75,
50 and 0 % were grown by electron-beam evaporation at room temperature.
Two type of structures were simultaneously deposited for each composition
on both substrates: a film covering the entire substrate with dimensions of
Ly =2 mm, L, = 6 mm for thermoelectric measurements, and Hall bar strue-
tures for resistivity and anomalous Hall effect (AHE) measurements. All the
measurements were performed at room temperature.

The composition of the FM electrodes was evaluated using electron-dispersive
X-ray analysis (EDX), measured on the films deposited on GGG substrates
to avoid Fe contribution from YIG. The measured spectra is shown in Fig.
1(b), where the composition of the electrodes was evaluated by analysing
the height of the Fe and Co peaks for each film. The values of § were then
estimated by linear extrapolation, assuming that the Fe (Co) peak height
for Fe (Co) film corresponds to 6 = 0 % (100 %). We.obtained the follow-
ing estimated (nominal) values of ¢ in percentage: 100 (100), 87 (90), 67
(75), 40 (50) and 0 (0) %. The transport measurements were performed in a
physical property measurement system (Quantum design, PPMS DynaCool)
with a maximum magnetic field (H) of 90 kOe. For the thermoelectric mea-
surements, the sample is placed between two AIN plates with large thermal
conductivity. The thermal gradient is generated by passing a current to a re-
sistive heater attached to the top plate, and the lower plate works as the heat
sink. In order to minimize variations in thermal resistance between sample
and AIN plate [38, 39], the thermal contact was kept homogeneous for all the
measurements on different samples. The temperature difference (AT') be-
tween the plates is‘ monitored by two thermocouples connected differentially.
We performed measurements of the transverse thermoelectric voltage (|| )
by applying.a thermal gradient across the FM/FT interface (|| z), while H is
swept in the in-plane (|| ) direction. This configuration, so-called in-plane
magnetized (IM) configuration [40], is conventionally used for the detection
of the longitudinal SSE.

3. Results and discussion

First, we performed measurements of the transverse voltage in the IM
configuration for the CosFejgo_s/YIG system as a function of the ferromag-
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netic electrode composition (4). The results are shown in Fig. 2(a)-(e): as
the composition of the FM electrode is varied from Co (6 = 100 %) to Fe (&
= 0 %), the voltage magnitude gradually changes, and a sign reversal of the
voltage is observed for § = 40 and 0 %. Similar measurements were performed
for CosFejgg_s electrodes grown on GGG, here the sign reversal of the voltage
is only observed for the Fe electrode. This result suggests that the sign re-
versal observed in CogoFegy/YIG is due not to the compositional dependence
of the ANE, possibly pointing to a compositional dependence of the ISHE
and/or an important role of the FM/FI interface. Moreover, the magnetic
field dependence of the transverse voltage for Co,Feqgo, grown on YIG and
GGG substrates show clear differences; with the voltage in GGG substrate
saturating at low fields, while for YIG substrates the samples exhibit a strong
magnetic field dependence over a wide field range, which cannot explained
by the normal Nernst effect of the FM. Another possibility could be due to
a contribution from the paramagnetic SSE of GGG to the measured volt-
age, however the paramagnetic SSE in GGG has only been observed at low
temperatures [41]. Moreover, the voltage in the CosFejp0—s/GGG samples
show no high magnetic field dependence, suggesting that the paramagnetic
SSE does not play a role in our measurements. It could be argued that
the observed dependence can be dueto the appearance of an out-of-plane
anisotropy, as it was shown in ultrathin CoFe films [42], and/or a possible
role of the exchange interaction acress the interface in the observed voltage
response.

In order to further explore the origin of the observed sign reversal, we
measured the ANE in the perpendicular magnetized (PM) configuration [see
inset of Fig. 2(f)], where 'H is applied parallel to z while the thermal gradient
is stabilised in the'in-plane (|| z) direction and the transverse voltage (|| v)
is measured. In this eonfiguration the ANE can still be observed, however
the SSE is forbidden due to the ISHE geometry (Js || M) [27, 43]. This
measurement allows us to clarify whether or not the observed behavior in
CoygoFego/Y1G is due to the ANE. Moreover, using the PM configuration we
can-also investigate whether the observed high magnetic field dependence
is due to the change in magnetic anisotropy of the FM electrodes, since if
perpendicular induced anisotropy is present in the CosFejgo_s/YIG system,
the films should be easier to saturate with H applied in the out-of-plane
direction (|| z). Figures 2(f)-(j) show the obtained results: no sign reversal
appears in CoyoFegq films grown on either GGG or YIG templates, with the
sign reversal only present for the Fe films. Furthermore, there are no signif-
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Figure 2: Thermal and electric magnetotransport properties of the CosFe;_5//GGG and
CosFe;_5//YIG systems as a function of composition . (a-e) Transverse thermoelectric
voltage measured with an in-plane magnetic field (longitudinal SSE configuration) and (f-j)
with amagnetic field applied in the direction parallel to the surface normal (perpendicular
magnetized configuration). (k-o) measured anomalous Hall effect (AHE).



icant differences in the magnetic field dependence between the FM/FI and
FM/PI system, with the voltage saturating at similar magnetic fields for all
compositions (J), independent of the substrates employed. These measure-
ments confirm that the observed sign reversal in the CoyoFegy/YIG system
cannot be explained by the conventional ANE and that there is no signifi-
cant perpendicular magnetic anisotropy present in the system, and therefore
other mechanism must be responsible for the sign reversal of the transverse
voltage in CoyoFego/YIG.

Other possibility could be the compositional dependence of the ISHE in
CosFeigo_s system, as it has been previously shown for 3d transition met-
als [34], where the ISHE presents a sign reversal upon increasing the number
of the d electrons in the system. Since the ISHE and anomalous Hall effect
(AHE) share the same origin (they both depend on the spin-orbit interac-
tion) [24, 25, 44], we performed AHE measurements in CosFejpo—s/YIG and
CosFeigo—s/GGG. The results are shown in Fig. 2(k)-(0), we can see that
the sign of the AHE voltage remains unaffected for the different FM compo-
sitions. The AHE shows a reduction in magnitude for § = 67 %, consistent
with the reported low magnetotransport coefficients for this composition [45].
The voltage at high magnetic fields presents anegative slope for all composi-
tions, except for Fe in which a positive slope is observed; this is in agreement
with the previous reports of the AHE in Fe and Co thin films [46, 47].

In order to further evaluate the thermoelectric transport properties of the
CosFepo_s system, we also measured the compositional dependence of the
conventional Seebeck effect for the CosFejgo_s electrodes [see Fig. 3(a)], the
results are similar to the ANE results, where a sign reversal is present only
for Fe, in agreement with the change of polarity in the high field slope ob-
served in the Hall effect measurements.

Now we are in_a position to analyse the data considering the expression
Ji = 0i; By =@,V T, where J; stands for the electron current, E; is the elec-
tric field, VT is the applied thermal gradient, and the coefficients o;; and
ay, are the elements of the electrical and thermoelectric conductivity ten-
sorsy Tespectively. Under the open circuit condition (J, = 0), the following
expression of the ANE electric field is obtained:

E, = [pag, — Stand,,|V.T, (3)

where p is the thin film resistivity, S = pa,, is the Seebeck coefficient and
tan 6., = pay/p is the Hall angle, where we consider the Hall angle estimated
from the AHE transverse resistivity, p,"" [see Fig. 2(1)]. The first term of
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the equation arises from the non-diagonal component of the thermoelectric

conductivity tensor and the second term is given by the combined contribu-
tion of the Seebeck and AHE effects.
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Figure 3: (a) Conventional Seebeck coefficient as a function of electrode composition
measured at room temperature on GGG and YIG. (b) Left axis (solid symbols) shows
the measured anomalous Nernst coefficients obtained from the perpendicular magnetized
measurement for different composition of ferromagnetic electrodes. Right axis (empty
symbols) shows the contribution from the combined effect of Seebeck and anomalous Hall
effect.

Figure 3(b) summarises the conventional thermoelectric coefficients for the
CosFeigo_s system, representing the ANE coefficient measured in the PM
configuration, S, [see Fig. 2(g)] and the second term of Eq. 3, proportional
to the combined contribution from Seebeck and AHE effects (Stan6,,). We
can clearly see that the sign reversal observed in CogFego/YIG in the in-
plane magnetized (longitudinal SSE) configuration cannot be explained by
the conventional thermoelectric transport properties, where the sign reversal
is only present inFe. Moreover, the AHE data shown previously suggests
that the observed sign reversal cannot be explained by the compositional
dependence of the AHE, suggesting that the bulk spin-orbit properties of the
CosFeipo—s system are not responsible for the sign reversal of the transverse
thermoelectrie voltage, and possibly pointing to the role of the FM/FI inter-
facedn the observed behavior [48].

To confirm the importance of the interfacial exchange interaction at the
FM/FI interface, we performed measurements for a sample where a Cu layer
of 5 nm was inserted between the CoygFegy film and the YIG substrate.
Figure 4 shows the transverse thermoelectric response measured in the IM
configuration compared to that previously observed with no Cu insertion
layer. It can be clearly seen that the sign reversal and the high magnetic
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field dependence of the voltage disappear. This suggests again that the di-
rect contact between YIG and CoyFeqq is essential for the observation of the
sign reversal.
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Figure 4: Effect of a Cu insertion layer on the transverse thermoelectric response of
CoypFegy measured in the in-plane magnetized configuration.

Let us now discuss one possible scenario for the observed results. Here,
we will consider a propagating spin current at the FM/FI interface. When
a thermal gradient is applied. parallel to the z direction, due to the spin-
dependent Seebeck effect of the FM, a spin accumulation can be induced at
the FM/FI interface [49). Here, due to the continuity of the spin current, the
spin accumulation of the FM can decay by spin-flip scattering of conduction
electrons at the interface, through the sd-type exchange interaction [50] with
local moments of the FI, allowing for the spin current to propagate through
the FM/FT interface [51, 52]. This process induces a non-equilibrium shift of
the spin-dependent chemical potentials (and the interface spin-polarization),
which ean possibly affect the spin-dependent electronic properties of the FM
at the interface, resulting in an interface-induced ANE. Indeed, previous the-
oretical studies have shown that the ANE in the 3d ferromagnetic metals is
highly sensitive to the position of the Fermi level (and therefore the spin po-
larization) [53]. The electronic structure of CosFejgg_s is strongly dependent
on the composition §: Fe has both up- and down-spin bands crossing the
Fermi level (EF) and, as the Co content increases, the additional electrons
populate the majority spin states, which shifts down the band and it becomes
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filled at an intermediate value of about ¢ = 30% [54, 55]. Since CogoFego
is very close to the ¢ value where the majority spin band becomes totally
filled. The above described process might have stronger implications in the
spin-dependent transport properties for this composition, which might be a
possible reason behind the observed differences between CogoFegy/YIG and
CoyoFego/ GGG. However, the magnetic field dependence in CosFejgo_s/YIG
cannot be interpreted even under this scenario, implying the coexistence of
other mechanisms, such as a possible contribution from the magnon spin cur-
rents of the CogFeigg_s layer.

4. Conclusion

In summary, we measured spin dependent thermoelectric properties of
CosFeqgo_s alloy in a fully ferromagnetic FM/FI system. We have observed
an unexpected sign reversal of the transverse thermoelectric voltage for an
alloy composition of 6 = 40 %, which cannot be explained by the con-
ventional transport properties. Our results possibly suggest the presence
of an interface-driven ANE, where the role of the sd-type exchange at the
CoyoFego/YIG layer might be important to understand the observed behav-
ior. These results also show the possibility of tuning the polarity of the
spin-induced thermoelectric response, which can be beneficial for fabrication
of thermoelectric devices based on all-ferromagnetic system, such as spin See-
beck thermopiles.
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Highlights

The thermoelectric conversion is systematically investigated in
CosFei00-s/ YIG bilayer junctions as a function of the chemical composition 9.

The voltage measured in the longitudinal spin Seebeck effect configuration shows a

sign reversal at =40 %
The reversal cannot be understood by conventional electronic transport properties of
CosFe100-5.

The results suggest the presence of an interface-driven ANE.
These results show the possibility of tuning the polarity of the spin-induced

thermoelectric response



