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dent Seebeck effect from fully
spin-polarized carriers in n-doped EuTiO3:
a prototype material for spin-caloritronic
applications†

P. Wadhwa, a A. Bosin a and A. Filippetti *ab

Spin-caloritronics, the generation of spin currents and spin voltages from an applied temperature gradient,

is a visionary technology with outstanding potential for novel applications and a fascinating landscape of

fundamental properties. These capabilities have been revealed so far in a variety of devices typically

assembled as interfaces between magnetic and non-magnetic materials. Here, using advanced ab initio

calculations, we provide evidence that giant effects can be obtained in the electron-doped bulk oxide

EuTiO3. We find this material to be a half-metal, 100% spin-polarized ferromagnet for a wide range of

temperatures and carrier concentrations. The combination of high electron mobility, a large Seebeck

coefficient, and full spin polarization realizes the perfect conditions to achieve giant spin-polarized

thermopower and huge chemical potential imbalance between the spin channels. At low temperatures,

our calculations predict spin current densities ∼0.1 mA cm−2 per unitary temperature gradient, and spin

voltages of mV K−1 order, which are among the highest reported so far. In addition, our analysis lays

down fundamental guidelines for the design of the best suited materials for spin-caloritronic applications.
1. Introduction

Thermoelectric materials furnish, through the Seebeck effect,
the cleanest and most straightforward method to produce
electrical power from heating or, vice versa, heating and cooling
from an electric source. Alas, practical uses have been mostly
limited, so far, to high-temperature applications, due to a room-
T efficiency which is typically too low to compete with other
energy sources. However, in 2008 an exciting new avenue
opened for thermoelectricity: measurements on a device made
of a ferromagnetic metallic (FM) layer of Ni81Fe19 interfaced
with a non-magnetic metal (NM) showed for the rst time1 that
it is possible to convert an applied temperature gradient not
only into a charge current, but also into a spin current, to be
eventually exploited as an information or energy carrier. This
landmark result represented the coming together of two worlds,
until then considered distinct: thermoelectricity and spin-
tronics. Since then, a new research area, named spin-
caloritronics, has ourished at a fast pace, driven by a series
of enthralling results showing that magneto-thermal
liari, S.P. Monserrato Sestu Km.0,700,

o Officina dei Materiali, CNR-IOM, S.P.

, Ca 09042-I, Italy. E-mail: alessio.

tion (ESI) available. See DOI:

of Chemistry 2022
conversion can be achieved using ferromagnetic metals,1,2

semiconductors,3,4 insulators,5 magnetic tunnel junctions,6 FM/
NM/FM spin valves,7,8 and even non-magnetic materials.9 More
recently it was revealed that spin-caloritronic effects can be also
derived by nuclear spins.10 These studies on the one hand had
the merit to shed light on unexplored phenomena concerning
the thermal behaviour of the matter.11,12 On the other, they
implemented a variety of magnetothermal devices capable of
generating, manipulating and controlling spin, charge, and
heat currents.13–17 Most of these devices are made out of an
interface between a magnetic and a non-magnetic material: in
the former, a spin current is generated by magnetothermal
conversion and then injected in the non-magnetic side, where
the current can be converted into a voltage by e.g. spin-Hall or
Rashba–Edelstein effects. Theoretical analysis revealed that two
distinct mechanisms can drive the thermal-spin current
conversion: one is based on carrier diffusion which is only
present in metals and semiconductors; the other is driven by
magnons, i.e. thermally induced spin excitations which can give
rise to a spin current even in insulators. To distinguish them, in
the literature they are conventionally referred to as the spin-
polarized Seebeck effect (SPSE), and the spin-Seebeck effect
(SSE), respectively.17 In this work we will specically focus on
the SPSE in magnetic semiconductors. Also, to avoid confusion
among the many magnetothermal phenomena described in the
literature, we should keep in mind that SPSE and SSE are
longitudinal effects, thus conceptually well distinguished from
J. Mater. Chem. A
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the Hall-type transverse effects which oen occur simulta-
neously to the longitudinal ones.

In the SPSE, the spin signal propagates along with charge
carriers. A robust and long-lasting spin current requires
robust magnetization and a spin-diffusion length clearly
longer than the sample size through which the signal propa-
gates. These characteristics are oen in contrast, since
magnetization is typically carried out by rather localized,
poorly mobile carriers, such as those present at the band
edges of transition metal compounds. According to the Elliot–
Yafet model18–20 which rules spin scattering in centrosym-
metric metals and semiconductors, spin-ip and electron
scattering rates are proportional to each other,21 thus a small
mobility is reected in small spin relaxation times. Here,
using a combination of advanced ab initio calculations and
models based on Bloch–Boltzmann Theory (BBT), we give
evidence that electron-doped EuTiO3 (ETO) represents a very
promising material for the implementation of a giant SPSE. In
fact, we will see that the additional electron charge populates
almost exclusively the highly mobile Ti 3d conduction bands
which, in addition, are ∼100% spin-polarized at low temper-
atures due to the strong orbital coupling with Eu 4f magnetic
moments. Thus, an optimal scenario can be envisaged, where
fully spin-polarized yet itinerant electrons give rise to giant
spin-polarized thermopower, and in turn spin current and
spin voltage accumulation at the edges of the sample where
the temperature gradient is applied.
Fig. 1 Sketch of majority (up-spin) and minority (down-spin) electron
chemical potential profiles along the sample, generated by the
temperature gradient DT. At the equilibrium temperature (middle point
of the sample) they match the Fermi energy; when DT is applied,
carriers diffuse from the hot (red) to the cold (blue) side in both
majority and minority channels. Due to the large spin-polarization and
the different population of the two channels, the same temperature
gradient generates different potential build up in the two channels, and
as a consequence, different chemical potentials at each end of the
sample (see text).
2. Theory and methods
Spin-polarized thermoelectric transport

In the presence of electric and temperature elds, the electronic
current reads, to linear order:

Ji = −sij(Εj + SjkVkT) (1)

where s and S are conductivity and thermopower (i.e. Seebeck
coefficient) at zero electric and temperature eld, respectively.
For a ferromagnetic metal, assuming xed magnetization axis
and discardable spin–orbit coupling, the current can be sepa-
rated in up-spin (say majority) and down-spin (minority) inde-
pendent channels. In closed circuit conditions and in absence
of electric eld, the currents for the two spin channels are (we
get rid of cartesian indices assuming purely longitudinal
response):

J[ = −s[S[VT, JY = −sYSYVT (2)

In general, for a ferromagnet the two channels will have
different conductivities and Seebeck coefficients, and then
different spin-dependent currents. We dene a spin current
density as the difference of up-spin and down-spin current
densities:

Js ¼ J[ � JY ¼ �
�
s[

s
S[ � sY

s
SY

�
sVT (3)
J. Mater. Chem. A
More signicant in terms of thermoelectric performance is
the spin current density generated by a unitary temperature
gradient:

Js

VT
¼ sYSY � s[S[ (4)

Under open circuit conditions (J[,Y = 0), from eqn (1) we
have:

S[;Y ¼ �E[;Y

VT
¼ �dV[;Y

dT
(5)

From which S can be understood as the electromotive force
generated along the gradient direction by a unitary temperature
change. A spin-dependent Seebeck coefficient thus results in
a spin-dependent voltage. This condition is illustrated in Fig. 1:
a temperature gradientDT (indicated by the color bar) is applied
between the ends of the sample. Specically, we assume the
center of the bar at the equilibrium temperature, and a change
of temperature DT/2 applied on each end. The temperature
gradient pushes both majority and minority electrons to diffuse
from the hotter to the colder side, thus generating, under open
circuit conditions, electron chemical potential gradients Vm[,Y

between the two ends, with more electrons and higher chemical
potential m[,Y (with respect to the equilibrium state) on the
colder side, and less electrons and lower m[,Y on the hotter side.
It is clear then that Vm[,Y are negative in the direction of
increasing temperature. If the temperature changes linearly
along the bar, also m[,Y change linearly, intersecting the equi-
librium Fermi energy 3F at the bar center. Chemical potentials,
This journal is © The Royal Society of Chemistry 2022
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voltage gradients, and Seebeck coefficients for the electrons are
related by the relationships:

Vm[,Y = −eVV[,Y = eS[,YVT (6)

This shows that the Seebeck coefficient is negative for elec-
trons. It is important to note that in Fig. 1 we draw Vm[,Y larger
in magnitude for the minority carriers, i.e. for the less popu-
lated bands. This can be understood considering that the
voltage generated by the temperature gradient corresponds to
the work necessary to move a single electron across the bar. For
this work, an activation energy 3F − 3[,YCBB is required, where
3[,YCBB are the conduction band bottom energies of the two spin
channels. In fact, at low or moderate doping, it is well known
that S[,Y ∼ (3F − 3[,YCBB)/eT, and thus jSYj > jS[j. On the other
hand, under closed circuit conditions J[ [ JY (see eqn (2))
since conductivity is typically much larger for majority carriers.
A specic case will be described in the results section.

From Fig. 1, we see that the difference in up-spin and down-
spin potential gradients generates a difference between up-spin
and down-spin chemical potentials at the two ends of the
sample:

m[ � mY ¼ � 1

2
D
�
m[ � mY

� ¼ �e
�
S[ � SY

�DT
2

¼ eVs (7)

where the upper and lower signs are for the hotter and colder
ends, respectively. This difference denes the spin voltage Vs
which, together with the spin current Js, is the essential signa-
ture of the SPSE or SSE, and the primary subject of interest of
this work. The spin voltage generated by a unitary temperature
interval is:

Vs

DT
¼ � S[ � SY

2
(8)

Since we assumed jSYj > jS[j, it follows from eqn (7) and (8)
that Vs is positive at the colder end, and negative at the hotter end.
The Bloch–Boltzmann approach

Conductivity and the Seebeck coefficient are calculated accord-
ing to Bloch–Boltzmann Theory (BBT),22,23 which combines
Boltzmann theory for the electronic transport with ab initio band
energies. Our approach was successfully applied in the past to
a wide variety of materials.24–29 Here we briey recall the main
formulae, while the detailed formulation can be found in ref. 28

and 29. For simplicity, we drop cartesian indices assuming
purely longitudinal transport. For a multiband ferromagnetic
system, total conductivity and the Seebeck coefficient are:i.e.

s ¼ s[ þ sY ¼
X
n[

s[
n þ

X
nY

sY
n (9)

S ¼ s[S[

s
þ sYSY

s
¼
X
n[

s[
n S

[
n

s
þ
X
nY

sY
n S

Y
n

s
(10)

the total Seebeck coefficient is the sum of spin-dependent
components, weighted over the relative spin conductivity.
This journal is © The Royal Society of Chemistry 2022
From eqn (9) and (10) we derive the denition of spin-
dependent Seebeck coefficients:

S[;Y ¼
X
n[;Y

s[;Y
n S[;Y

n

s[;Y
(11)

where band conductivity and the band Seebeck coefficient are,
in BBT:HH

s[;Y
n ¼

�
e2

V

�ð
dk gðkÞs[;Ynk

 
� vf

v3
[;Y
nk

!�
v[;Ynk

�2
(12)

S[;Y
n ¼ �

�
e

VTs
[;Y
n

�ð
dk gðkÞs[;Ynk

�
3
[;Y
nk � 3F

� � vf

v3
[;Y
nk

!�
v[;Ynk

�2
(13)

ere V is the sample volume, f the Fermi occupancy, 3nk and vnk
are band energies and velocities, g is the density of states, and
snk is the electronic relaxation time. The integrals over the
Brillouin Zone (BZ) are calculated by k-space interpolation of ab
initio band energies, while snk is determined by numerical
models28 which include electron scattering with impurities,
acoustic phonons, and polar optical phonons. Finally, we
assume the spin-ip scattering discardable with respect to the
electron scattering, i.e. spin relaxation time ss is much longer
than snk. In our case of interest (Ti 3d conduction bands in
oxides) this is largely justied since snk ∼ 10 fs and spin–orbit
coupling is small (∼meV); thus we can expect ss no less than one
or two orders of magnitude longer.
Ab initio band structure calculations

Theoretical calculations are performed within the framework of
Density Functional Theory (DFT) as implemented in the VASP
code.30 Wavefunctions are expressed according to the projected
augmented wave (PAW) method31 with an energy cut-off of
550 eV; Generalized Gradient Approximation (GGA)32 is used to
describe the exchange–correlation energy. For sampling the BZ,
up to 20 × 20 × 20 Monkhorst–Pack mesh is used. The atomic
positions are fully relaxed up to a force threshold on each atom
of 1 meV Å−1. Finally, in order to overcome the well known DFT
inaccuracy in the description of strongly correlated systems,
GGA + U33 is used for all the reported properties. While generally
not as accurate as hybrid or self-interaction corrected func-
tionals in the description of 4f states,34,35 we found that GGA + U
is still adequate to describe the properties of interest in this
work. We assume U = 7.5 eV and 4.0 eV for Eu 4f and Ti 3d
states, respectively: previous studies showed that these values
deliver a calculated band structure for ETO in nice agreement
with photoemission measurements.36,37
3. Results
Overview of the ETO properties

ETO is rich in peculiar characteristics which make this material
one of the most investigated oxides in the last 15 years or so.
Ironically, while this material in the pristine undoped phase is
neither ferroelectric nor ferromagnetic, it is characterized by
J. Mater. Chem. A
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remarkably strong coupling between structural, electric, and
magnetic properties.38–45 At room-T, it is a cubic semiconductor,
with band gap∼1 eV and lattice parameter a= 3.905 Å, virtually
identical to those of SrTiO3 (STO). The structural similarity
makes ETO perfectly suited to be epitaxially grown on STO
substrates and integrable in oxide heterostructures.37,46–49

Unlike STO, ETO features a large intrinsic magnetization
embodied in the fully spin-polarized Eu 4f states; Owing to the
strong 4f orbital localization, the pristine material is a para-
magnetic semiconductor at room-T, and becomes antiferro-
magnetic (AFM) below TN = 5.2 K; this long-range order is
imputed to the Eu 4f–Ti 3d orbital coupling, as described by
a number of experimental and theoretical investigations.50–53

Also similarly to STO, ETO displays huge electric permittivity
(∼160 at room-T), which undergoes large changes upon appli-
cation of a magnetic eld.38 Strong magnetocapacitance and
Fig. 2 Electronic properties of FM ETO calculated using GGA + U. (a a
components, respectively. The prevailing orbital character is indicated by
curves are for up-spin and down-spin components, respectively. Green,
respectively. Insets show an enlarged view around the CBB. (d) Orbital-r

J. Mater. Chem. A
magnetostriction42,43 can be traced back to the magnetic eld-
induced soening of the IR-active TO1 polar mode, which
governs permittivity at room-T.54–57 Lattice coupling to elec-
tronic and magnetic properties was further proved by discov-
ering that application of ∼1% tensile strain can make this
material multiferroic, i.e. simultaneously ferroelectric and
ferromagnetic.40,50 No less spectacular is the magnetotransport
behavior: a number of experiments coherently show that n-
doping is effective in inducing a FM phase transition. This
can be achieved by A-site doping (Eu1−xLaxTiO3),50,58 B-site
doping (EuTi1−xNbxO3),59,60 and even O-doping (EuTiO3−xHx).61

Coherently with this scenario, the 2DEG spontaneously formed
at the STO/ETO/LAO interface62–65 is also reported to order fer-
romagnetically. The spin-polarized carriers in ETO are found to
generate a number of intriguingmagnetotransport phenomena,
including anisotropic magnetoresistance,66,67 the anomalous
nd b) Band energies for majority (up-spin) and minority (down-spin)
label. (c) Orbital-resolved density of states for Eu. Positive and negative
blue, and red correspond to the contribution of 4f, t2g, and eg orbitals,
esolved DOS for Ti. Labels are the same as in (c).

This journal is © The Royal Society of Chemistry 2022
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Hall effect,68–70 and the giant magnetocaloric effect.71 In what
follows we rst discuss the properties of undoped ETO, and
then the effect of electron doping.
Undoped ETO

Pristine bulk ETO at room-T has a cubic Pm3m perovskite crystal
structure, with G-type AFM order, as indicated by neutron
diffraction studies. However, the AFM vs. FM competition is
extremely tight, as a consequence of exchange interactions of
∼meV order, whose sign can be reverted by strain51 or charge
injection.58 Since n-doped ETO is our primary subject of
interest, hereaer our results will mainly focus on the FM
phase. Also, we discard the Pm3m to I4/mcm structural transi-
tion observed at 235 K,48,72,73 characterized by (a0a0c−) octahe-
dral tilting ∼3° and a/c ∼ 0.998, as they are too tiny distortions
to give any visible effect on our results.

In Fig. 2 the band structure and orbital-resolved density of
states calculated using GGA + U for the FM phase are shown.
The gap region displays three well distinct band groups: the Ti
3d t2g states at the conduction band bottom (CBB), the fully
spin-polarized Eu 4f states with a nominal magnetization of 7
mB/Eu at the valence band top (VBT), and the O 2p states which
mainly contribute to the valence bands. We obtain an indirect
band gap of 1.51 eV between the Eu 4f VBT at the R point and
the Ti 3d CBB at the G point, slightly larger than the direct band
gap at G. We found the centroid of the Eu 4f states located at
a bonding energy∼1.8 eV, in good agreement with the 2 eV peak
found by ARPES37 and XPS.52

In experiments, the 4f peak displays a ∼2 eV spectral width
which is much larger than the calculated ∼0.5 eV bandwidth.
This discrepancy, clearly due to the electron–phonon coupling
contribution absent in the band calculation, causes the 30%
overestimation of our band gap with respect to the observed
absorption threshold of 0.96 eV.52

From the calculated DOS, we obtain a large 4f spin-splitting
∼11 eV, due to the strong Coulomb repulsion at half-lling. A
long-debated question concerns the fundamental mechanism
withwhich these big, spatially localized magnetic moments give
rise to long-range magnetic order.51,58 Two elements are invoked
to the aim: the direct Eu 4f–Ti t2g superexchange coupling,
allegedly leading to the observed AFM order, and an indirect
ferromagnetic exchange, mediated by virtual Eu 4f–5d t2g intra-
atomic excitations and Eu 5d t2g–Ti 3d t2g coupling. In fact, our
calculated DOS indicates that both mechanisms are in action:
the enlargement around the CBB (Fig. 2d, inset) shows that the
Ti t2g band manifold is spin-split; furthermore, in this small
scale we can see (Fig. 2c, inset) the presence of magnetically
split Eu 4f and 5d t2g orbitals at the CBB as well. Strong prox-
imity effects mediated by these two orbital channels can then
inject spin-polarization into the conduction bands. The intra-
atomic Eu 4f–5d spin coupling is apparent from the Eu DOS:
albeit empty, the 5d t2g DOS peak displays a large 2 eV splitting.
The 5d eg DOS is also visibly split, but it is less important than
the Eu 5d t2g–Ti 3d t2g overlap. Consistent with this picture, we
obtain magnetic moments of ∼6.95 mB, ∼0.05 mB, and ∼0.01 mB

for Eu 4f, Eu 5d, and Ti 3d states, respectively. Most
This journal is © The Royal Society of Chemistry 2022
importantly, the Ti t2g bands display a large exchange splitting
of ∼70 meV at the band bottom. Interestingly we see that Eu 5d
states have inverted crystal splitting, i.e. eg states lower than t2g.
This happens because for Eu the t2g are the orbitals pointing
towards oxygens, so they are electrostatically more repelled than
eg's.

A crucial feature of our analysis concerns the chemical
nature of Eu 5d orbitals. Unlike 3d, 5d orbitals are spread in
a wide space region, and substantially overlap with the
surrounding Eu 4f, Ti 3d, and O p states. This has two important
consequences: rst, they efficiently act as connecting bridges
between Eu and Ti states, thus favoring long-range magnetic
coupling, as described above. Second, they favor a bigger
bandwidth and higher electron mobility than in 3d-only tita-
nates. Consistently, we obtain CBB effective masses of 0.39me

and 5.64me for the t2g planar doublet and the orthogonal
singlet, respectively. These values are remarkably smaller than
the corresponding ∼0.7me and ∼8me for STO.
Electron doping

In this section we simulate the introduction of electron charge
by explicitly adding electrons to the system, without actual
atomic substitutions. This method is largely used in ab initio
calculations to mimic experimental situations where charging
is not accompanied by strong structural disorder or by locali-
zation effects which dramatically alter the electronic properties
around the band gap, as in the case of eld effect modulation or
shallow point defects. The same approach was previously
applied in ref. 58, where a detailed map of the exchange-
interaction parameters is obtained as a function of carrier
concentration. Here we focus on a different aspect: the
conduction band evolution and the progressive spin splitting at
varying electron charges.

In Fig. 3a we display the calculated nearest-neighbor
exchange-interaction parameter extracted from a Heisenberg

Hamiltonian H ¼ �J
X
ij

Si � Sj as a function of the electron

charge ranging from q = 0 to q = 0.2 electrons per f.u., corre-
sponding to a carrier concentration n = 3.2 × 1021 cm−3; here
a positive J means FM phase stability. We can see that the
additional electron charge dramatically enhances the FM
stability. This enhancement occurs even for the lattice param-
eter xed at the experimental value (blue dots); when leaving the
lattice parameter to relax (red dots), the FM phase stability
strengthens even further. The reason can be understood from
Fig. 3b: additional electrons generate an almost linear increase
of lattice parameter; this volume expansion favors the FM
phase, as explained in detail in ref. 51. Thus, the additional
charge causes two separate effects, both favoring the FM order:
a lattice-frozen, purely electronic orbital lling, and a progres-
sive lattice expansion. Notice also that the FM phase is already
stable at zero doping, at odds with the observations. In fact,
a crude mean-eld experimental estimate for undoped ETO
gives J = −0.15 meV; as is well known, ab initio methods
struggle in predicting exchange-interactions of such a tiny
amplitude. Experimentally, the FM phase is found to set in for x
J. Mater. Chem. A

https://doi.org/10.1039/D2TA07197E


Fig. 3 (a) Exchange-interaction parameter of bulk ETO at varying electron charges q, calculated using GGA + U. Blue points are obtained for the
lattice parameter kept fixed at the experimental value; red points are after structural relaxation. (b) Optimized lattice parameter. (c) Total
magnetization per f.u. (d, e and (f) Magnetic moment contributions coming from Eu 4f, Ti 3d, and Eu 5d states, respectively.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 0
6 

D
ec

em
be

r 
20

22
. D

ow
nl

oa
de

d 
by

 U
N

IV
 D

E
G

L
I 

ST
U

D
I 

D
I 

C
A

G
L

IA
R

I 
on

 1
2/

22
/2

02
2 

10
:3

6:
32

 A
M

. 
View Article Online
> 0.1 in Eu1−xLaxTiO3 (ref. 50) with Tc = 8 K, and for x > 0.05 in
EuTi1−x

NbxO3,59 with Tc ∼ 9 K.
In Fig. 3c the magnetization evolution with charge is shown.

Remarkably, magnetization increases almost as a straight line,
i.e. all the electron charges contribute to it. Specically, most of
the charge lls the Ti 3d magnetic moments, but tiny incre-
ments are also found for the magnetic moments of Eu 4f and 5d
states. These residual values are a clear manifestation of the Eu
4f–Ti 3d and Eu 5d–Ti 3d overlaps discussed in the previous
section.

In Fig. 4 majority and minority band energies for the FM
phase are plot in a small region around the CBB, for specic
charge content. We see that a remarkable CBB spin-splitting
D3CBB = 3YCBB − 3[CBB is present even for the undoped case; the
splitting is progressively enhanced by the increase of charge
content in the conduction bands. This behavior can be
approximatively rationalized in terms of a simple linear
extrapolation:

D3CBB = J3d + qU3d (14)

where J3d = 69 meV is an interatomic exchange-interaction, and
U3d ∼ 5 eV is the t2g on-site Coulomb repulsion.

It is important noting that the large U3d value causes a fast
increment of D3CBB with q, and in turn, a fast rise of the spin-
polarized charge fraction, as shown by the T = 0 Fermi level
position in Fig. 4. In the following sections, we will provide
evidence that, in a wide charge density and temperature range,
J. Mater. Chem. A
n-doped FM ETO behaves as a fully spin-polarized material, as
recently conrmed by Shubnikov–de Haas experiments.67 These
ndings depict an ideal scenario where a giant SPSE can be
envisaged.

Electric and thermoelectric transport

Band structure calculation results at varying doping charges are
used as input in eqn (12) and (13) for the determination of
conductivity and the Seebeck coefficient vs. T. We point out that
in our data T dependence is included in band occupancy and in
electron scattering, but not in the electronic structure, nomi-
nally xed at T= 0. The electronic relaxation time is determined
by models which require input parameters related to the elec-
tron–phonon and electron-impurity scattering. At room T, for
polar materials, electron scattering with LO phonons is by far
and large the dominant mobility-limiting process.74 The key
parameter which sets the LO coupling strength is the Frölich

prefactor
ffiffiffiffiffiffiffi
m*

p ð3N�1 � 30
�1Þ;75,76 a huge difference between 3N

and 30 (IR measurements for ETO57 at room T give 5.88 and 160,
respectively) is the signature of a highly polar, insulating char-
acter. The temperature dependence is set by the three LO
phonon energies; extrapolating from plasma frequency
measurements (details are given in the SI) we obtain uLO,1 = 19
meV, uLO,2 = 60 meV, and uLO,3 = 92 meV. At low-T, for clean or
weakly doped samples, mobility is governed by scattering with
acoustic phonons. Within linear dispersion approximation, this
process can be modelled according to two key parameters: the
deformation potential (D = 3.74 eV, calculated from our band
This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Band structure of spinmajority and spinminority carriers for the FM ETO bulk. (a) No doping (q= 0), (b) q= 0.1 el per f.u. doping, (c) q= 0.3
el per f.u. doping; zero energy is fixed at the CBB of themajority carriers, corresponding to the absolute CBB. The dotted horizontal lines indicate
the Fermi level at zero temperature.
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structure) and the sound velocity vs. = 1.5 × 105 cm s−1.30

Finally, electron-impurity scattering, which becomes important
at low T for heavily doped samples, is described according to the
classical Brooks–Herring formula.30

In Fig. 5a, we display the calculated mobility for the n-doped
FM ETO phase at several carrier concentrations; the mobility for
Fig. 5 Calculatedmobility vs. T for FM ETO; curves of different colors cor
per cm3 unit. (a) Electron mobility determined including all the scatterin
except electron-impurity scattering. Insets: mobilities determined exclus
and polar optical phonon scattering (PO-only) which rules the room-T b

This journal is © The Royal Society of Chemistry 2022
the G-type AF phase (not shown) is rather similar and only about
10% lower due to the slightly smaller bandwidth of the AF
phase. In Fig. 5b we display again the electron mobility for FM
ETO but now excluding the contribution from impurity scat-
tering, which is more appropriate to describe eld effect charge
modulation or weakly doped samples. In the absence of
respond to different charge concentrations, indicated in the legend in el
g processes (see text); (b) mobility including all the scattering sources
ively from acoustic phonon scattering (AP-only) which govern low-T,
ehavior. Labels are the same as in (a).

J. Mater. Chem. A
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signicant impurity concentration, we obtain large mobility
∼104 cm2 V−1 s−1 at low-T, and∼10 cm2 V−1 s−1 around room-T.
These results are validated by the nice agreement with transport
measurements.50,67,68 In the insets of Fig. 5c, we also show
acoustic phonon-only and polar-optical phonon-only mobil-
ities; in the absence of impurity, it is quite apparent that these
two processes govern low-T and room-T behavior, respectively.

It is interesting to note that the electron mobility in ETO is
about 30% larger than in STO at room-T. This may appear
inconsistent owing to their chemical and structural similarity,
but in fact, the exchange of Sr with Eu produces a number of
consequences, all favorable to the higher ETOmobility: rst, the
spatially broad Eu 5d orbitals overlap signicantly with the Ti
3d orbitals, thus causing smaller effective masses than in STO.
Additionally, the bigger Eu size results in sound velocity,
deformation potential, ionic screening, and LO phonon
frequencies which are all sensibly lower than the corresponding
STO quantities. This establishes an advantage in the use of ETO
for transport applications.

The analysis of the electronic properties suggests that ther-
moelectric transport of n-doped FM ETO should be strongly
spin-dependent. It is worth emphasizing that the spin depen-
dence does not stem frommobility, which is weakly sensitive to
the magnetic order, but rather from the difference in majority
and minority band occupancies. Indeed, we will see that band
population is the key factor to obtain giant spin-dependence in
thermopower. In the following sections, all the results are plot
as a function of the carrier concentration across a range from n
= 1.6 × 1015 to n = 1.6 × 1021 el per cm3 (corresponding to
10−7–10−1 el per f.u). For completeness, we show the results for
Fig. 6 Thermoelectric properties of n-doped FM ETO. Red, green, and
energies; the CBB of majority conduction bands (dashed horizontal line)
conduction bands, i.e. the bottom of minority Ti 3d bands. Dotted vertic
Fermi energy rises above the minority band bottom. (b) Fraction of spin p
Spin-polarized conductivity; solid and dashed lines are conductivities o
a linear scale, showing the high-doping behavior. (d) Minus spin-polarized
coefficient on a linear scale.

J. Mater. Chem. A
three temperatures: 300 K, 100 K, and 10 K, albeit only the latter
is close to Tc actually observed in n-doped ETO. In fact, the
possibility of obtaining higher Tc cannot be excluded, e.g. in
ETO-based superlattices or heterostructures, and thus they are
worthy of consideration.

In Fig.6a, we report 3F calculated with respect to the CBB (i.e.
the bottom of Ti 3d majority bands) which in the gure is kept
xed at zero energy. The black curve is the spin splitting
parameter D3CBB which here corresponds to the bottom of the
minority Ti 3d bands. At low doping 3F ∼ ln(n/ni), as for non-
degenerate semiconductors, while D3CBB increases linearly
with n as described in eqn (14). Since 3F grows faster than D3CBB,
at any nite temperature a threshold value nth exists for which 3F

overcomes the minority band bottom (nth= 1.6× 1020 cm−3, 1.7
× 1020 cm−3, 2.24 × 1020 cm−3 at 10 K, 100 K, and 300 K,
respectively). Above nth the minority bands start to become
signicantly populated, and then the spin dependence of
transport and thermoelectric properties rapidly fade. In Fig. 6b
we report the spin-polarized carrier fraction: at low doping this
amounts to 88% at 300 K, 100% at 100 K and 10 K. At room T the
spin polarization falls smoothly from its maximum value when
n approaches nth, while at 10 K the carriers remain fully spin-
polarized up to nth, and then at nth the spin polarization
drops abruptly.

Fig. 6c displays the conductivities of majority and minority
carriers. They depend primarily on two ingredients (eqn (13)):
the scattering rate s[,Y and the effective charge which populates
the respective bands. The latter is determined by the DOS
overlap with the vf/v3 bell, which can be described as a Gaussian
function centered on x = (3[,YCBB − 3F)/kbT. For majority carriers
blue lines refer to T = 300 K, 100 K, and 10 K, respectively. (a) Fermi
is fixed at zero energy. The black line indicates the spin-splitting of the
al lines indicate the threshold nth values for which the corresponding
olarized carriers, in percent, with respect to the total carrier density. (c)
f majority and minority channels, respectively. Inset: conductivities on
Seebeck coefficient for majority andminority channels. Inset: Seebeck

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 (a) Spin voltage to temperature difference ratio; according to the definition of eqn (7), the positive value indicates that this is measured at
the hotter side of the bar. (b) Spin current density (in mA cm−2 units) to temperature gradient (K cm−1) ratio. Color code is the same as Fig. 6. The
vertical dotted lines indicate nth.
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the scattering dependence dominates and s[ is essentially
determined by s[ (i.e. by the charge mobility); thus the largest
s[ occurs at the lowest T. In contrast, for minority carriers,
whose band edge is much farther from 3F, the T dependence is
primarily determined by the band population, i.e. by the expo-
nential decay of the Gaussian function with x. At T = 10 K the
minority band population (and in turn sY) is substantially null
for n < nth, and then it rises abruptly above the threshold. At low
doping the relative s[ and sY difference amounts to about an
order of magnitude at 300 K, and four orders of magnitude at 10
K. For n > nth this difference decreases progressively, and we see
that the decrease is faster at lower temperature, since at the low-
temperature limit the spin-dependent effects fades more
rapidly. In the high-doping regime, on the other hand, the
mobility is substantially charge-independent (see Fig. 5), so the
conductivities increase about linearly with n.

The same color code is used in Fig. 6d to plot S[ and SY; as
expected for electrons they are negative at any charge concen-
tration and temperature. The Seebeck trend with temperature of
the two spin channels follows the inverse dependence on
conductivity (eqn (13)) at any doping value. As previously dis-
cussed, the largest (in amplitude) Seebeck coefficient occurs for
the less populated channel, whose band edge is much farther
from 3F. At low doping we obtain huge SY values: 1.3 × 103 mV
K−1 at 300 K, 1.6× 103 mV K−1 at 100 K, 7.5× 103 mV K−1 at 10 K.
As n approaches nth, the Seebeck coefficient drops with a rate
which is inverse to the absolute value: the larger the Seebeck,
the faster the relative decrease.

For spin-caloritronic means, the most crucial aspect is the S[

and SY difference, which is directly related to the spin voltage.
In Fig. 7a we display the generated spin voltage per unitary T
difference (eqn (8)). At any T, the voltage remains almost
constant across a wide charge concentration interval, up to n ∼
1019 cm−3. In this range we obtain Vs/DT∼ 3 mV at 10 K, 0.3 mV
This journal is © The Royal Society of Chemistry 2022
at 100 K, 0.1 mV at room T. We emphasize that these are giant
values, when compared with other SSE observations reported in
the literature; for example in NiFe FM lms, values of nV/K
order are estimated at room T;1 in FM/NM heterostructures
based on Ni80Fe20 permalloy, a spin voltage of 3.8 mV K−1 is
reported;2 in Ga1−xMnxAs thin lms, values of mV K−1 are ob-
tained at low T;3 in more complicate ferromagnetic-oxide-
silicon tunnel junctions, a voltage of 0.13 mV is generated.6

At low T the spin-polarization effects are larger but fade more
rapidly with the increasing charge than at high T: for T = 10 K,
Vs drops by four orders of magnitude when n comes across nth.
At room T, on the other hand, for n beyond nth, Vs is only about
an order of magnitude smaller than its low-doping counterpart,
and it keeps a signicant value even for charge densities as large
as 1022 cm−3.

In Fig. 7b we plot the spin current density per unit gradient
(eqn (4)), i.e. the spin current density generated by a tempera-
ture difference of 1 K applied across a 1 cm-long sample. At low
doping, the trend in temperature follows what is seen for s[: the
spin current increases with n up to nth, and then it sharply falls
at 10 K, while it saturates at amaximum value at room T. We can
see that for T = 10 K Js remains nearly constant in the n ∼ 1018–
1020 cm−3 doping range, reaching a giant value of 0.2 A cm−2

per unitary temperature gradient, whereas at room temperature
the saturation value is 0.04 A cm−2 per unitary temperature
gradient.
4. Conclusions

The occurrence of giant spin-polarized thermopower generated
from temperature gradients opens fascinating perspectives in
the design of materials for spin-caloritronic applications. In this
work we presented a clear-cut prediction that giant SPSE can be
obtained in n-doped ETO; in fact, this materials includes all the
J. Mater. Chem. A
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favorable characteristics to the aim: (i) fairly mobile, and yet
fully spin-polarized charge carriers, owing to a very peculiar
coupling involving Eu 4f, Eu 5d, and Ti 3d orbitals; (ii) large
charge tunability with the doping and/or eld effect, as typical
of oxide insulators; (iii) experimentally proved FM order at low
temperature in a wide n-doping range; (iv) a Seebeck coefficient
which is large in magnitude and, most of all, strongly spin-
polarized. Our calculations show that at Tc it should be
possible to observe spin voltages as large as a few mV K−1, and
spin current densities up to 0.2 A cm−2 per unitary temperature
gradient, and that these values remain stable in a large interval
of carrier density. These values rank among the highest pre-
sented in the literature for spin-caloritronic devices. Our anal-
ysis also furnishes conceptual guidelines and quantitative
reference points for the optimization of the SPSE phenomenon
in terms of carrier concentration and temperature. We have
seen that the spin polarization effects progressively fade with
increasing charge, and at any given temperature it is possible to
dene a threshold density, corresponding to the crossing point
of the Fermi energy with the minority band bottom, above
which the SPSE degrades. This decrease is very sharp at low
temperature, and progressively smoother as temperature is
increased. Finally, it is worth mentioning that ETO is epitaxially
integrable in oxide heterostructures, where the control of device
functionalities such as magnetic order and charge connement
can be more easily implemented. Albeit our calculations are for
bulk ETO, it is reasonable to expect that our description of the
SPSE could be signicant even in the 2D limit.
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