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We theoretically show that materials with perovskite-type crystal structures provide a platform for spin cur-
rent generation, taking advantage of a mechanism requiring neither the spin-orbit coupling nor a ferromagnetic
moment, but is based on spin-split band structures in certain kinds of collinear antiferromagnetic states. By
investigating a multiband Hubbard model for transition metal compounds by means of the Hartree-Fock ap-
proximation and the Boltzmann transport theory, we find that a pure spin current is induced by an electric field
applied to a C-type antiferromagnetic metallic phase. The spin current generation originates from a cooperative
effect of spatially anisotropic electron transfer integrals owing to the GdFeOs-type lattice distortion, which is
ubiquitous in many perovskites, and the collinear spin configuration. We discuss our finding from the symmetry
point of view, in comparison with other spin current generator candidates with collinear antiferomagnetism. We
also propose several ways to detect the phenomenon in candidate perovskite materials.

Perovskites, a large family of compounds with chemical
formula ABX3 as the mother phase and their related structures,
show versatile functionalities and serve as one of the most
well-studied textbook materials in condensed matter phys-
ics [1-4]. In particular, transiton-metal-based (TM-based)
perovskites exhibit a wide range of properties, e.g., ferroelec-
tricity, metal-to-insulator (MI) transition, magnetoelectric ef-
fect, spin crossover phenomenon, superconductivity, and pho-
tovoltaic effect [5-10]. The diverse physical properties are
created by chemical substitutions which controls the elec-
tronic states by tuning their band filling, bandwidth, and di-
mensionality. Amazingly, the rich variety originates from a
common framework of d electrons of the TM elements B and
p electrons. Here we show that yet another functionality can
be extracted, which has been overlooked for decades: spin
current generation useful for spintronic devices.

In the field of spintronics, search for materials for effi-
ciently generating spin currents has been pursued, not limiting
to conventionally-used ferrimagnets and ferromagnets [11—
15]. Semiconductors and metals with heavy element have
been considered as candidates by the realization of the spin
Hall effect [16-22], whose mechanism relies on the spin-orbit
coupling. Recently, the search has been extended to antiferro-
magnets with noncollinear [23, 24] and collinear magnetic
structures [25-29]. For future applications, exploring such a
functionality in a feasible way using ubiquitous materials is
crucial.

In this Letter, we theoretically propose that perovskite
TM compounds work as an efficient spin current generator.
Adopting a multiorbital Hubbard model for the d orbitals of
the TM ions, we investigate spin transport properties in an ap-
plied electric field. A key ingredient is the so-called GdFeOgz-
type lattice distortion [30, 31], commonly seen in the ABX3
compounds and known to control the bandwidth via the toler-
ance factor, a ratio between the ionic radii of three elements.
The distorted perovskite structure is shown in Fig. 1(a), in
which the regularly aligned BXs octahedra on the cubic lat-

tice rotate so as to fill the crystal voids around the A sites, as
illustrated in Fig. 1(b) (see below). Consequently the sym-
metry of the crystal structure is lowered to an orthorhombic
Pnma space group. We will show that the spin current con-
ductivity becomes nonzero in a metallic state with a C-type
AFM (C-AFM) ordering illustrated in Fig. 1(c) and increases
with the GdFeOj3-type distortion. The spin current generation
here originates from the spin splitting of the energy band in the
C-AFM state, due to the spatial anisotropies of the transfer in-
tegrals arising from the GdFeOs-type distortion. We discuss
the symmetry aspect of the spin current generation in compar-
ison with the previous studies for collinear antiferromagnets.
Finally, we propose how to verify our proposal by presenting
candidate perovskite TM compounds.

Let us introduce how to incorporate the GdFeOs-type dis-
tortion for modeling ABX3. We start with the tight-binding
d-p model composed of the five d orbitals of the TM ions with
the cubic crystalline field splitting together with the three p
orbitals of the ligands [32-34]. The GdFeOs-type distortion
is characterized by two kinds of rotation modes of the BXg
octahedra [31]: a major rotation +¢ around the [110] or [110]
axis followed by an additional tilting ¢» = + arctan[v/2(1 —
cos ¢) /(2 + cos ¢)] around the [001] axis [see Fig. 1(b)].

Here, we adopt an effective tight-binding model for the d
orbitals derived by the second-order perturbation in terms of
the d-p electron transfer integrals [3, 33], which is given by

Ho= epnipe+ Y [(9(D)aprclsocipa, (1)
ifo ijBp o

where ¢;3, and n;g. (= c;fﬁocigg) are the annihilation and
the number operators of an electron with spin ¢ of the d or-
bital B(= 2 — y?,32% — 2, wy, yz, zx), respectively, rep-
resented in the local zyz axes fixed on the ith octahedron
shown in Fig. 1(a), and the spin axes are globally defined
for all the sites. We assume that the energy levels of the
d orbitals are given as €,2_,2 = €3,2_,2 = 3A./5 and
€ay = €yz = €z = —20¢p /5 with the octahedral crystalline
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FIG. 1. (a) Perovskite structure with the GdFeOs-type distortion.
B1-B4 denote the BXg octahedra contained in the unit cell, con-
nected by symmetry operations thus crystallographically equivalent.
The abc axes are defined for the Pnma space group. The xyz axes
represent the local coordinate defined for each octahedron. (b) Two
kinds of BX¢ rotation modes of the GdFeO3-type distortion described
in the text. (c) Schematic illustration of the C-type AFM spin config-
uration in the two ac planes. The blue arrows represent up and down
spin moments of the d orbitals in the TM ions. The green lines denote
the glide plane perpendicular to the ac plane. Schematic illustrations
of the anisotropies of the t24-t24 transfer integrals on (d) B1-B2-B1
and (e) B2-B1-B2 bonds along the [101] and [101] directions. The
magnitude of the transfer integrals denoted by the solid arrows are
larger than those by the dashed arrows in the presence of the distor-
tion.

field splitting A.¢ between the e, and {2, manifolds. We con-
sider the nearest-neighbor d-d transfer integral, given by

N 1 . A N
5@y = — 5 DGR Ris (@) [ lvsr, @)
Y’

where A is the charge transfer energy between the p and d
orbitals. %5?‘ is the 3 x 5 transfer integral matrix from the d
orbitals of the ith TM ion to the p orbitals of the ligand shared
by the ¢th and jth octahedra defined in the coordinate for the
ith octahedron; %ﬁfj is given by the Slater-Koster parameters
Vpdo and Vpar [35]. 7A€ij (¢) is the 3 x 3 matrix defined by
Rij(¢) = R} (¢)R;(¢), where R;(¢) represents the rotation
of the 7th octahedron.

An important feature of the resultant d-d transfer integrals
is their spatial anisotropy depending on the bond directions,
owing to the hybridization between the different d orbitals
induced by the BXs rotations. The d sites are divided into
four kinds of sites termed Bi-B, in the unit cell; B; and
B, B3 and B, are respectively connected by the glide sym-
metry [the glide plane is drawn in Fig. 1(c)]. As shown in
Fig. 1(d), for example, the transfer integral between the zx

orbital in By [zx(B1)] and the zy orbital in By [zy(Bs2)] in
the [101] direction becomes nonzero, which is zero in the cu-
bic structure without the GdFeOs-type distortion since the or-
bitals are orthogonal to each other, and is larger than that be-
tween the yz(B;) and xy(Bs) orbitals in the [101] direction.
On the other hand, on the By-B;-Bs bonds, the magnitudes
of the electron transfers in the [101] and [101] directions are
switched with each other as shown in Fig. 1(e), reflecting the
glide symmetry which connects the B; and B, sites. These
yield the anisotropic transfer integrals depending on the bond
directions within the ac plane. Here, we note that the hopping
integrals between the d orbitals connected by the glide oper-
ation, e.g., zy(B1) and xy(Bs), and yz(B;) and zxz(Bs), are
istropic in the ac plane, even in the presence of the GdFeOs-
type distortion [36].

The onsite Coulomb interactions between the d electrons
are introduced in the conventional manner as

U/
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where U and U’ represent the intra- and inter-orbital Coulomb
interactions, respectively, J is the Hund coupling, and I is the
pair hopping interaction. Here we do not take into account
the spin-orbit coupling which is not essential for the present
mechanism.

We analyze the effective five-orbital Hubbard model de-
fined by H = Ho + Hint Within the Hartree-Fock approxima-
tion, where the mean fields <CIBUCZ'5/U> are self-consistently
determined. Using the Hartree-Fock eigenenergies and eigen-
states, the conductivity of the spin current with the spin par-
allel to the AFM moment along the p axis with respect to
an electric field parallel to the v axis by means of the Boltz-
mann transport theory with the relaxation-time approximation
is given by

—eT

af(ekmo')
— M v _
Xpv = INV ’;ma: OVkeme Vkmo |: 8Ekmg ’ (4)

where f(€gmo) is the Fermi distribution function for the
Bloch eigenstate with the wave vector k, the band index m,
and the spin o(= +1). v}, is the 4 component of the group
velocity of the wave packet centered on the state |kmo), T
is the transport relaxation time, V' is the volume of the unit
cell, and N is the total number of the unit cells. Note that
the spin current is conserved in the present model without the
spin-orbit coupling. Here our treatment is equivalent with the
linear response theory by the Kubo formula when the relax-
ation time is long enough [27].

In the following calculation, we choose the model param-
eters typical of perovskite 3d-TM oxides as V4, = 2 €V,
Voir = 1 eV, Ay = 3 eV, and Ay = 5 eV [32]. As
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FIG. 2. Spin current conductivity X, on the U-¢ plane. The black
broken lines on the basal plane indicate the phase boundaries be-
tween the different phases. The red solid line stands for the MI tran-
sition. The thick orange line represents the region where the A-AFM
+ C-00 phase is stable. Inset shows ¢ dependences of the charge-
spin current conversion rate « in the C-AFM metallic phases. The
broken and solid arrows indicate the phase boundaries between the
PM and C-AFM phases and between the C-AFM and C-AFM + G-
0O1 phases, respectively.

for the Coulomb interaction terms, we adopt the relations
U = U'+2J and J = I [37]. While the model is known
to exhibit a variety of spin and orbital orders depending on
the electron filling n (the electron number per site on aver-
age) and other parameters [32], we find that the C-AFM order
can make an off-diagonal component of the spin current con-
ductivity, x.q, nonzero; hence, below we show the results for
n = 2, where the C-AFM order was obtained under electron
correlations and the GdFeOs-type distortion [32], by chang-
ing U while the ratio as U’ = 2U/3 and J = U/6, and the
rotation angle of the BXg octahedra ¢. We note that ., be-
comes nonzero under the C-AFM order irrespective of n. The
k-space mesh, equivalent to IV, is chosen as 16 x 103 and 10°
for evaluating the mean fields and the spin current conductiv-
ity, respectively. We set the relaxation time as 1/7 = 1 meV
and the lattice constants to unity.

Figure 2 shows the off-diagonal spin current conductivity
Xca as a function of U and ¢, together with the phase di-
agram on the basal plane. In the absence of the GdFeOs-
type distortion (¢ = 0), when U is increased from the para-
magnetic (PM) metallic phase, a phase transition to the C-
AFM metallic phase occurs at U ~ (.75 eV. By increasing
U further, two kinds of G-type orbital ordering (G-OO1 for
0.95eV < U < 1.01 eV and G-O02 for U 2 1.01 eV) are
stabilized coexisting with the C-AFM order. In the two or-
bital ordered phases, nearly one electron commonly occupies
the xy orbital at each site, and the other electrons alternately
occupy %(yz + zz) and %(yz — zz) in G-O01 while they
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FIG. 3. (a) Energy band structure in the C-AFM metallic phase at
(U, ¢) = (0.725 €V, 25°). The Fermi energy is denoted by ¢. The
right panel shows the symmetric lines in the first Brillouin zone. (b)
and (c) show the group velocities of the up- and down-spin electrons,
respectively, on the Fermi surfaces at k, = 0.39. k. and k, stand
for the coefficients of the reciprocal vectors b. and b,, respectively.
The length of the red and blue arrows represents the magnitude of the
group velocity on each k point. (d) and (e) are the relative weights
of the t24 orbitals on the up- and down-spin Fermi surfaces, respec-
tively. The areas of the red, green, and blue circles represent the
magnitudes of the xy (left), yz (middle), and zz (right) components
on (b) (B1, Bs) and (c) (B2, B4) sublattices.

occupy zz and yz in G-O02 [32]. Near the phase transition
between the G-OO1 and G-OO2 phases, the system undergoes
a MI transition. These C-AFM phases are robust against the
increase of ¢ except for at ¢ 2 25° in the large U region,
where the A-type AFM (A-AFM) phase accompanied by the
C-type orbital order (C-OO) of the yz and zz orbitals is stabi-
lized instead.

As shown in Fig. 2, x., is constantly zero at ¢ = 0, irre-
spective of the value of U, while it turns nonzero in the pres-
ence of the GdFeOgs-type distortion in the C-AFM metallic
phases. This means that in this region a charge current along
the a axis is converted into a spin current along the c axis. We
note that the conductivity tensor is symmetric, Xca = Xacs

with vanishing diagonal elements, Yoo = Xce = 0. The
inset of Fig. 2 shows the ¢ dependences of the charge-spin
current conversion rate defined by o = (2¢/h)(Xca/0aa)

with the electrical conductivity o, calculated within the same



scheme [23, 25]. « basically increases with ¢ up to around 6
% at ¢ = 25° in the C-AFM metallic phase, which is com-
parable to that observed in Pt originating from the spin Hall
effect due to the strong spin-orbit coupling [38].

Let us investigate the microscopic mechanism of the off-
diagonal spin current response. First, we show the en-
ergy band structure in the C-AFM phase at (U,¢) =
(0.775 eV, 25°), where the Fermi energy resides in the to
bands. Figure 3(a) shows the up- and down-spin electron
bands along the symmetric lines illustrated in the inset. A spin
splitting appears in the general k points except for the planes
k. = 0,=£0.5and k, = 0, 0.5 in the Brillouin zone. This is a
consequence of the glide symmetry breaking by the collinear
AFM order (note that the spin-orbit coupling is absent in our
model and the glide operation considered here does not act
on the spins), similarly discussed in different systems [25—
27, 29].

Next, we show the up- and down-spin Fermi surfaces in
Figs. 3(b) and 3(c), respectively, together with the group ve-
locities v, along them. We show the results at k;, = 0.39
since the Fermi surfaces reside near k; ~ 0.5 [see Fig. 3(a)].
The up-spin Fermi surfaces are mainly composed of the one-
dimensional-like curves along the [101] direction and the two-
dimensional rhombi. There, the group velocities are relatively
large on the parts of the Fermi surfaces parallel to the [101]
direction. These features imply that, when an electric field is
applied along the [100] direction, the up-spin electrons drift to
the [101] direction. On the other hand, the down-spin Fermi
surfaces, which correspond to the mirror images of the up-spin
ones with respect to the k,-k;, plane, carry the down-spin elec-
trons along the [101] direction under the [100] electric field.
As a result of this spin-dependent anisotropy, the spin current
flows along the [001] direction perpendicular to the electric
field.

Furthermore, we can pin down the d-orbital component
most responsible for the spin-dependent transport. Fig-
ures 3(d) and 3(e) show the relative weights of the ¢, or-
bitals on the (B, B3) sublattice in the up-spin Fermi surfaces,
and those on the (Bs, B,) sublattice in the down-spin Fermi
surfaces, respectively; the other components are smaller and
therefore not shown. The zz(yz) orbitals on the B;(B3) and
Bs(B,) sites, where the majority spin is up(down), compose
the Fermi surfaces parallel to the [101]([101]) direction, as
mentioned above, dominating the anisotropic spin transport.
These are indeed consistent with the real-space anisotropic
transfer integrals due to the GdFeOs-type distortion shown in
Figs. 1(d) and 1(e); the up(down)-spin on the B;(B2) sites
tend to hop in the [101]([101]) direction having a larger trans-
fer integral than the [101]([101]) direction.

A similar anisotropic spin transport owing to the combi-
nation of a collinear AFM spin structure and site-dependent
anisotropic transfer integrals was proposed for quasi-two-
dimensional k-type organic conductors [25]. In that case
molecular dimers have two different orientations leading to
dimer-dependent anisotropic transfer integrals. From the
viewpoint of crystalline symmetry, these two systems belong

to the same space group Pnma, which also support the similar-
ity; the C-AFM order here corresponds to the AFM structure
in the k-type organic system, both breaking the in-plane glide
symmetry. We note that a similar mechanism without the spin-
orbit coupling was discussed for other materials [26-29]. Our
work here illuminates spin current generation feasible in ubiq-
uitous materials based on a microscopic model calculation.

Finally, we discuss possible experimental detections of the
present spin current generation in perovskites. One of the can-
didates is CaCrOj containing Cr** ions with nominally (3d)?
electron configuration, which shows the C-AFM metallic state
below 90 K [39—41]. The Cr-O-Cr bond angle is 160°, which
corresponds to the BXg rotation angle ¢ ~ 12°. According to
a first-principles band calculation for CaCrOs [42], the onsite
Coulomb interaction is deduced to be U < 1.5 eV, which is
semiquantitatively consistent with our HF results, where the
critical value of U at which the magnetic transition occurs is
generally underestimated [43, 44]. Within our model calcu-
lation, the spin-charge conversion ratio « is estimated up to
around 0.5 %. The C-AFM state is also observed in a series
of vanadates AVO3 with A=La-Y, also having the (3d)? elec-
tron configuration and ¢ ~ 14°-22°, below around 100-150
K [45-48]. These values of ¢ correspond to o« = 1-4 % in our
calculation. Although the C-AFM phases in these compounds
are generally insulating due to the coexistence of the G-type
0O, the carrier doping by substitution of the A ion reduces
the OO and stabilizes the metallic phase [49]. In addition, we
note that the present mechanism works in a wide range of the
electron filling once the C-AFM order is stabilized. For exam-
ple, we have found a similar spin splitting also in the d* sys-
tem owing to the real-space anisotropies of the e4-¢4 and e,-
o4 hopping integrals. Therefore, manganites R,A;_,MnO3
which are known to show the C-AFM state [S0-53] are also
candidates.

The spin current generation presented here is not expected
in the A- and G-type AFM phases, which are also widely seen
in the perovskite TM oxides, besides the C-AFM phase. This
is understood from the symmetry of the GdFeOg-type distor-
tion. Because of the mirror symmetry with respect to the ac
plane, the anisotropies of the hopping integrals in the ac plane
around B; and Bs shown in Figs. 1(d) and 1(e) are equivalent
to those around B3 and By sites, respectively. Therefore, the
AFM order with the same spins on the B; and Bs sites, and
the other spins on the By and By sites, i.e., the C-AFM, is es-
sential for the nonzero spin current generation. In the A- and
G-type AFM, the spin currents cancel out.

The present calculation is based on the Hubbard model
without the spin-orbit coupling, while experimentally it is ex-
pected that the conventional spin Hall effect appears due to
the spin-orbit coupling of the TM ions, especially in 4d and
5d perovskites, in addition to the present mechanism [27].
Nevertheless, we can separate these two contributions, tak-
ing advantage of the difference between the symmetries of the
spin current conductivity tensors as discussed in Ref. [25];
the conductivity tensor of the present mechanism is symmet-
ric, while that of the spin Hall effect is antisymmetric, which



makes the different electric-field-angle dependences of the
generated spin current. For example, in certain directions,
e.g., the [101] direction, our mechanism gives a longitudinal
response whereas the spin Hall effect always only provides
the transverse one. The cooperative effect between the present
mechanism and the spin-orbit coupling [54, 55] is a future is-
sue.

In summary, we have shown that perovskites can serve as
a spin current generator by applying an electric field, which
originates from a cooperation of the GdFeOs-type lattice dis-
tortion ubiquitously seen in a wide range of perovskites and C-
type AFM ordering. We note that this mechanism has a simi-
larity with the spin current generation in ferromagnet metals,
while the net magnetization is absent in the AFM system. This
enables us to generate a pure spin current without charge cur-
rent in contrast to the spin-polarized current in ferromagnets.
It would be an interesting issue to study spin current genera-
tion by applying a thermal gradient to the C-AFM Mott insu-
lating state. Here the spatially anisotropic electron transfers
lead to the anisotropic exchange interactions, which will give
rise to a spin-dependent transport of the magnon, as demon-
strated in Ref. [25].
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