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While the anomalous Hall effect takes place typically in ferromagnets with finite magnetization, large anoma-
lous Hall conductivity in noncollinear antiferromagnetic systems has been recently observed and attracted much
attention. In this paper, we predict the anomalous Hall effect in perovskite CaCrO; as a representative of collinear
antiferromagnetic materials. Our result shows that the C-type antiferromagnetic ordering generates the sizable
anomalous Hall conductivity. Based on symmetry analyses, we show that the antiferromagnetic order parameter
belongs to the same irreducible representation as the ferromagnetic order parameter in the nonsymmorphic space
group, allowing the nonvanishing Berry curvatures in k space. By performing first-principles density-functional
theory calculations, we find that the Berry-curvature “hot spots” lie along the gapped nodal lines where spin-orbit
coupling induces the spin splitting of Cr-3d bands near the Fermi energy and enhances the anomalous Hall effect

in CaCrOs.
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I. INTRODUCTION

The anomalous Hall effect (AHE) is traditionally consid-
ered to be proportional to net magnetization and, therefore,
appears only in ferromagnetic (FM) materials [1]. Neverthe-
less, recent studies have revealed that large anomalous Hall
conductivity (AHC) emerges in Kagome antiferromagnetic
(AFM) materials, such as Mn3;Ge and Mn3Sn regardless of
their small net magnetization [2—10]. Such a large AHC in an-
tiferromagnets may work as a readout for a spintronic device
accompanied by their ultrafast spin dynamics and insensitivity
to external magnetic fields, whereas only a few AFM materials
have been studied in this context [11-15].

Suzuki et al. have investigated the magnetic symmetry by
introducing a magnetic cluster extension; the noncollinear
AFM structure in Mn3Sn is characterized by the cluster
octupole moment, which belongs to the same irreducible
representation as the collinear ferromagnetic ordering. This
explains why the noncollinear antiferromagnetic order can
induce an AHC despite its vanishingly small dipole magne-
tization [16]. The same approach has been later applied to
antiperovskite manganese nitrides, such as Mn3PtN, where
their magnetic octupole noncollinear AFM states allow for
inducing the large AHC as well [17].

Recent theoretical development provides the topological
formulation of the intrinsic AHE in terms of the Berry phase
associated with the Bloch wave functions in solids [18]. While
the AHC can be calculated by integrating the Berry curvature
in the Brillouin zone, the computation is practically demand-
ing because the Berry curvature in many cases a very sharply
varying function of the k vector. It often strongly depends on
contributions from a few “hot spots” in the k space where
the spin-orbit-coupling (SOC) causes anticrossing between
bands near the Fermi energy. Such features often require
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an extremely dense k-point sampling, and for this reason,
the Wannier functions are employed to interpolate the band
structure and the wave functions [18]. In Mn3Sn, the Berry
curvature stemming from the Weyl points enhances AHC in
the absence of net magnetization [10]. In contrast, in Mn3;PtN,
the Berry curvatures spread around the Fermi surfaces in the
broad Brillouin-zone region, coming from the band splitting
due to the SOC, dominantly contributes to the AHC [17].

Very recently, Naka et al. have theoretically examined the
possibility of the AHE in perovskite transition-metal oxides
[19]. It has been predicted that the coexistence of the GdFeOs3-
type structural distortion and the collinear AFM configuration
gives rise to the AHE by means of the Hubbard model. One of
the candidate materials proposed is CaCrO3, which is a rare
example of a metallic and antiferromagnetic transition-metal
oxide. CaCrOj crystallizes in orthorhombic Pbnm (alternative
setting of Pnma) perovskite structure. Although CaCrO; was
previously reported to show semiconducting [20] or insulating
[21] properties with the AFM order, recent works have
reported its metallic conductivity below the Néel temperature
Tn =90 K [22,23]. Powder neutron-diffraction analysis
and ©SR measurement have revealed that the AFM spin
structure is C-type AFM (C-AFM) in which Cr spins order
antiferromagnetically on the ab plane but ferromagnetically
along the c¢ axis [24,25]. Owing to the orthorhombic lattice
distortion with the metallic collinear AFM ground state,
CaCrOs; is a suitable playground to realize the AHE with
no need to consider the complex magnetism, such as spin
chirality and/or magnetic multipole configurations. In
this paper, we perform density-functional theory (DFT)
calculations to evaluate the AHC in CaCrOs and discuss its
microscopic mechanism along with the magnetic symmetry
analysis.

©2023 American Physical Society


https://orcid.org/0000-0002-4026-4479
https://orcid.org/0000-0002-9265-1091
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.155126&domain=pdf&date_stamp=2023-04-13
https://doi.org/10.1103/PhysRevB.107.155126

NGUYEN AND YAMAUCHI

PHYSICAL REVIEW B 107, 155126 (2023)

II. METHODOLOGY

DFT calculations were performed by using VASP [26]
and QUANTUM ESPRESSO [27] packages. The generalized
gradient approximation (GGA) with the parametrization of
Perdew, Burke, and Ernzerhof [28] was used for the exchange-
correlation functional. The calculations were carried out by
the following steps. First, the atomic structure was optimized
with the C-AFM configuration until the atomic force become
lower than 0.001 eV/A using the VASP code with the projector
augmented-wave pseudopotential [29], and then the electronic
structure and the magnetic stability were investigated. Second,
another self-consistency calculation was performed by using
the QUANTUM ESPRESSO code with the fully relativistic ul-
trasoft pseudopotentials [30]. The kinetic-energy cutoff of 80
and 800 Ry were used for the plane-wave basis set and charge
density, respectively. A 12 x 12 x 10 k-point mesh was taken
in the Brillouin zone with the tetrahedron method for inte-
gration. Third, we constructed maximally localized Wannier
functions by using the WANNIER90 code [31] that is interfaced
with the QUANTUM ESPRESSO code. The Wannier functions
were built by projections of Bloch wave functions onto the
localized Cr-3d orbital basis; there are 40 d orbital states in
the C-AFM unit cell (4 f.u.). These atomic orbital functions
must be carefully chosen otherwise the maximally localiza-
tion process of the Wannier functions does not converge well.
We set up the local (x, y, z) axes in the CrOg octahedron by
considering the Cr-O bond directions to satisfy the condition:
z is parallel to the long bond, x is parallel to the short bond,
and y is parallel to the middle bond. The angular functions,
322 — 1%, zx, yz, x* —¥%, and xy, were defined in the local
coordinates for the Wannier projection. After the Wannier
functions were maximally localized, we finally calculated the
Berry curvature and the AHC with 120 x 120 x 100 k-point
mesh with 5 x 5 x 5 adaptive mesh refinement for the turbu-
lent regions.

III. RESULTS AND DISCUSSIONS
A. Electronic and magnetic properties

Figure 1 shows the Pbnm crystal structure of CaCrO3; with
the orthorhombic Brillouin zone and the calculated electronic
structure. The metallic state is clearly exhibited by the 2/3-
filled Cr-t;, state crossing the Fermi energy. Since the 1,
level is located away from the O-p level, and the threefold
degeneracy is not completely lifted due to the lack of strong
Jahn-Teller distortion, the #,, state has a rather localized char-
acter and forms the flat bands in the vicinity of the Fermi
level. It also appears as a sharp peak, the so-called van Hove
singularity in the DOS being responsible for the high electric
conductivity. In contrast, the e, orbital state shows a delocal-
ized character as strongly hybridizing with the O-p state. The
e,-p bonding state lies in a wide energy range below 7, state
and the antibonding state spreads above the #,, state. The trend
is consistent with the previous DFT works [32,33].

The nonmagnetic Pbnm space group has eight symmetry
operations: {E, I, G + (330), Coy + (333), Co: + (003),
my + (310), my + (333), m. + (003)}, where E, I, C, and
m denote identity, inversion, rotation, and mirror opera-
tions, respectively. Three screw and two glide symmetries
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FIG. 1. (a) Orthorhombic Pbnm crystal structure of CaCrOz with
the C-AFM spin configuration with Cr spins set parallel to the y axis.
(b) First Brillouin zone with the high-symmetry points. (c) Calcu-
lated band structure with the C-AFM configuration without SOC.
(d) Corresponding density of states (DOS) projected on Cr-d (filled
green) and O-p (red) orbital states. (e) and (f) The band structure near
the Fermi energy along the T — Z line and the H-A line at k,=0.42,
respectively. The number in parentheses is the degeneracy for the
band. Fermi energy is set at zero.

involving fractional translations manifest the nonsymmorphic
space group.

The nonsymmorphic group operations lead to band de-
generacies, so-called “band sticking,” across an entire face
of the Brillouin zone [34,35]. Figure 1(c) illustrates the
band-sticking effect on the k, = 0.5 plane. Under the C-
AFM configuration, all the bands are spin degenerate at the
high-symmetric k& points, and the additional band-sticking
degeneracy is imposed at the Brillouin-zone surfaces. There-
fore, twofold 12 t,, bands become fourfold six bands on the
Z — U — R — T plane [also see Fig. 2(a)]. The sticking effect
causes a narrow bunch of bands just below the Fermi energy
along the T — Z line at the k, = 0.5 plane [Fig. 1(e)]. Along
the H — A line at the k, = 0.42 plane, they are split into two
groups, and the upper-lying bands manifest the band crossing
exactly at the Fermi energy [Fig. 1(f)], forming the nodal lines
that will be important later in a following section. Figure 2
shows the band structure projected onto Cr-d orbital states and
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TABLE 1. Transformation properties in nonmagnetic space-group Pbnml1’ for FM (F,) and AFM (4,, C,, and G,) magnetic ordering
parameters with o = x, y, z components in the global frame. Only the generators of symmetry operations are shown. The group elements
denote the identity, two screws, the inversion, and the time reversal. Irreducible representation’s (IR’s) name is taken from ISODISTORT software

[39].

Nonzero M Nonzero AHC Magnetic
IR of Pbnm1’ E Coc + (330) Coy+ (333) I 6 component component space group
ml: A,, C, Gy 1 1 1 1 —1 Pbnm
mI'y: Fy, Gy, G, 1 1 -1 1 —1 M, Oy, Pbn'm’
ml's: Fy, A,, C, 1 —1 1 1 —1 M, Oy Pb'nm’
ml4: F, Ay, G, 1 -1 -1 1 -1 M, Oxy Pbn'm

the Fermi surfaces obtained by using the Wannier-function in-
terpolation. The #,4 orbital states are split into xy and (zx £ yz)
orbital states; the latter is a linear combination of two orbital
states at neighboring Cr sites. Among them, 5-6th and 7-8th
bands form the hole Fermi-surface pockets around the R—S
line and 9—10th and 11-12th bands form the lotus-leaf-shaped
flat electron Fermi surfaces near the k, = 0.5 plane.

The magnetic stability was examined by comparing the to-
tal energy between several magnetic configurations. It is found
that C-AFM order shows the total energy lower than those of
other spin configurations: FM, A-type AFM, and G-type AFM
by 209.2, 59.4, and 103.9 meV /f.u, respectively. Taking into
account the SOC, it is also found that C-AFM order shows the
magnetic easy axis along the global y direction. The energy
difference is 0.76 and 0.98 meV /f.u. with respect to the energy
with the x and the z spin directions, respectively. Since the
magnetic anisotropy energy is very small, hereinafter, we will
examine the AHC in the C-AFM configuration with spins
ordered along the x, y, and z axes to compare the values.
Then, we will focus on the C-AFM order with the y spin
orientation to investigate the origin of the AHC in more detail.

B. Magnetic symmetry analysis

When the SOC is involved under the magnetic config-
uration, the crystalline symmetry is lowered, and we must
introduce the magnetic space group considering the specified
spin direction. In Table I, we show the transformation rules in
the nonmagnetic space-group Pbnm1’ considering FM (F), A-
type AFM (A), C-type AFM (C), and G-type AFM (G) order
parameters with (x, y, z) spin orientation; e.g., C, indicates the
C-AFM order in which the spins are parallel along the global
y axis. It is shown that three magnetic order parameters belong
to the same irreducible representation, i.e., {F}, C,, G.} orders
belong to mI',. It implies that the C, spin configuration is al-
lowed to cause weak-ferromagnetic spin canting toward the x
direction and weak-antiferromagnetic spin canting with the G,
spin component without further symmetry reduction as being
consistent with earlier symmetry analyses in Refs. [36-38].
This is also consistent with an experimental observation of
the C, ground state with the F,-type weak ferromagnetism
in Ref. [24]. In addition, it must be noted that the magnetic
symmetry allows the finite AHC in the C, or G, order as well
as in the F; order even if the net magnetization is negligible.
This is because the physical properties of those three magnetic
orders can be regarded equivalent from a symmetry point of
view. This unusual symmetry property that the AFM order

and the FM order share the same irreducible representation
comes from the nonsymmorphic symmetry operations. For
instance, Cy, + (%%0) screw operation flips the y and z spin
components located at (000) site and transfers it to the (% %0)
site. The transfer between different spin sublattices in the
C-AFM configuration makes C, order invariant under the
screw operation as it makes the F; order invariant as well.
The symmetry analysis here is also consistent with previous
theoretical work on orthorhombic LaCrO5 in which the finite
FM orbital magnetization and the optical nonreciprocity were
predicted in the AFM configurations [38].

The magnetic space group under {F;, C,, G} order is type
I Pbn'm’ (Pn'm'a in the standard setting), containing four
unitary operations {E, I, G, + (%%O), mye + (%%0)} and four
antiunitary operations {C,6 -+ (%%%), Cr.0 + (OO%), my0 +
(%%%), m0 + (OO%)}, where 6 denotes the antiunitary time-
reversal operator.

C. Anomalous Hall conductivity

The AHC was calculated as integrating the Berry cur-
vatures with a summation over the occupied states in the
Brillouin zone by the WANNIER90 code [31,40],

&2 dk
o =5 oy oy 2

where 7 is the band index, o and g are the global Cartesian
directions (x, y, z7); @ # B for the AHC components, and f, (k)
is the occupation factors at the k point. The Berry curvature
was calculated by

Qn,zxﬂ (k) =-2 Im<Vka Mnk|Vkﬁ Mnk)v

ey

2

in the WANNIER9O0 code [31,41]. Here, u, is the cell-periodic
Bloch functions for the nth band, projected onto Wannier
functions |Rn) by

U = Ze*""-U*Ran). (3)
R

By applying the conventional perturbation theory, the
Berry curvature can be cast into the form of a Kubo-like
formula,

Unm,a (k)vmn,ﬁ (k)

Quap(k) = —2°Im ) | PO,

m#n

“

where €,(k) is the eigenenergy for the nth band at a
given k point and vy, 4(k) is the matrix element of
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FIG. 2. (a) Wannier-interpolated band structure under the C-
AFM configuration projected onto Cr-d orbital states without taking
into account the SOC. The band number reflects the AFM spin de-
generacy. The colors highlight the following d-orbital components;
magenta denotes d,,, orange denotes d.,., and cyan denotes d,_,.
states. The radii of the circles are proportional to the weights of
corresponding orbital states. Fermi energy is set at zero. (b)—(e)
Calculated Fermi surfaces with the corresponding band numbers in
the orthorhombic Brillouin zone.

the velocity operator between the occupied n state and
the unoccupied m state. The AHC and Berry curva-
ture can be regarded as axial vectors, like the spin
momentum under the magnetic symmetry operations in
their vector form: o = (oy, 0y, 0;) = (0y;, Oz, Oxy) and R =
(24, Qy, Q) = (), Qzx, Qyy), where n and k dependencies
were omitted for simplicity. Since €2 is odd with respect to
time-reversal symmetry flipping the k vector, the summation
of © and accordingly the AHC are zero for nonmagnetic ma-
terials. Similarly, the symmetry operations transforming & to
—k and Q2 to —2 simultaneously, the AHC vanishes. Table 11
shows the transformation of k and 2 under the {F;, C,, G;}
order; here only summation of €2, in the k space (=o,) can
be nonzero, whereas, 2, and €2, cancel out in summation.
All the components of AHC vanish if SOC is not considered
in the calculations. In the absence of SOC, the spin direction
does not affect the orbital nor charge state and, hence, the spin
state is transformed under symmetry operations defined in a
black-and-white group (see Appendix A), preventing the spin
polarization and the AHC in any direction.

Figure 3 shows the calculated AHC in the C-AFM configu-
ration. All the tensor components were found to be negligible
except o, in Cy and o, in C, AFM configurations being
in agreement with our symmetry analysis (cf. Table I). The
values of o, and o, at Fermi energy were calculated as —74

TABLE II. Transformation rules for crystal momentum k and
Berry curvature 2 under symmetry operations in the Pbn’'m’ mag-
netic space group under the {F,C,, G;} order. The translation
operations in the spiral and glide symmetry operations were removed
in the k space.

{ke, ky, k:} {2, Q) 2.}
E {ke, Ky, k) {2y, @, 2.}
1 {_kxa _kys _kz} {Qxa va Qz}
C2x {kx’ _k)" _kz} {va _st _Qz}
ny {_kxv kyﬂ kz} {st _Q)'a _Qz}
CZyG {_kx’ kyv _kz} {va _va Qz}
CZZG {_kxv _ky’ kz} {va va _Qz}
my0 {kye, —ky, k. } {Q,, -, 2.}
mze {kkay,_kz} {Qmva—Qz}

and —149 S/cm, respectively [42] We obtained the larger
AHC value in the FM order; o,, = —150 S/cm with the
F, order in CaCrOs;. These values are comparable to that

in noncollinear AFM Mn;3Sn, reported as 02" = 129 S/cm

[16] (GYEZXP = 100 S/cm [6]). Despite the sizable AHC val-
ues, CaCrOj; yields only tiny weak-ferromagnetic spin canting
with the net magnetization M, = 0.03 up/f.u. obtained after
optimizing the spin directions in the C,-AFM configuration.
This clearly indicates that the conductive electrons sensitively
experience the Berry curvature as a fictitious magnetic field
in k space instead of the magnetic field caused by the sponta-
neous magnetization in real space.

The nonmonotonous behavior of o, and o, with respect
to the energy is closely associated with the multifold #,, band
structure around the Fermi energy, showing a different trend
from the result calculated by a tight-binding model show-
ing simpler energy dependency [19]. In fact, by virtue of
the Wannier interpolation, we can quantitatively evaluate the
magnitude of the AHC that is sensitive to tiny features of the
band structure, such as spin-orbit-induced band anti-crossing
in a tiny k-space volume. The AHC values can be enhanced
by shifting the Fermi energy either upward or downward (see
Fig. 3). For example, 0,, = —441 S/cm at E = Eg + 36 meV
in the C,-AFM and o, = 363 S/cm at E = Eg + 75 meV

-y
— 0, inC;

@ 500 .
L
2 JAu
v O
o
<

-500 .

-1000 I !
02 -0.1 0.1 0.2

0
Energy (eV)

FIG. 3. The calculated AHC tensor components; o,, in the C,-
AFM configuration and o, in the C,-AFM configuration as functions
of energy. Fermi energy is set to zero.
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FIG. 4. Distribution of Berry curvatures —§2,, (A?) over the oc-
tahedral Brillouin zone in the C,-AFM configuration.

in the C,-AFM configurations. These values are comparable
to the AHC value (o, ~ 750 S/cm) calculated in FM bcc Fe
[40,43], implying the possible enhancement of the AHC in
CaCrO; via chemical doping in practice.

D. Berry curvature and band splitting

In the following, to clarify the microscopic origin of the
sizable AHC, we focus on the C,-AFM configuration. Fig-
ure 4 shows the distribution of the Berry curvatures Q.
in the orthorhombic Brillouin zone. It can be seen that the
shape formed by the high Berry curvature spots resembles
some Fermi surfaces [shown in Figs. 2(b)-2(e)] manifesting
that the Berry curvatures stem mainly from the topologically
nontrivial points in the vicinity of the Fermi surfaces [44,45].

Significantly high Berry curvatures were detected at the
k. = 0.42 plane in the Brillouin zone. As shown in Fig. 5(a),
the high Berry curvatures plot visualizes the hot spots, i.e.,
two broad lines running parallel to the k. axis. These spots
are located along the nodal lines opening a small gap near the
Fermi energy [cf. Figs. 5(c) and 5(e)] and originating from the
interband interaction between the 11th and 12th bands [also
see the corresponding Fermi surfaces at Fig. 2(b)].

Although one may think that those two bands (i.e., up- and
down-spin polarized bands coming from up- and down-spin
Cr sites, respectively) were degenerate in the collinear AFM
order, the magnetic symmetry, in fact, allows the spin splitting
even without SOC at generic k points owing to the effective
PT violation; CaCrOj3 can be categorized into SST-4A type,
like LaMnOj in Ref. [46]. The spin degeneracy is protected by
some symmetry that couples the up-spin and down-spin sites
at the higher symmetric k points along the AH line (k,=0.0;
—0.5 < k, < 0.5; k,=0.42) as shown in Fig. 5(b) (for the de-
tail symmetry analysis, see Appendix A). On the other hand, at
nonsymmetric k points (k,=0.1; —0.5 < k, < 0.5; k,=0.42)
shown in Fig. 5(d), the spin degeneracy is lifted even without
the SOC.

A couple of the spin-polarized bands are crossing exactly
at the Fermi energy, resulting in the nodal lines. When the
SOC is turned on, a small gap appears by the anticrossing
effect, and the two bands hybridize across the gap through
the SOC interaction. This, in turn, lets the bands originally
having S, polarization acquire weak S, polarization as shown

0.5] (a) F ' \
S
E ----) ------------ ———dk,=0.1
E or-——-- '_ ___________________ k X 0
-0.5 | 4
-0.5 0 0.5
k, 2m/a)

(b) k=0_| w/o SOC c . Sy
= 0.05} 0.05 ,( ) ™ ’
P I ool /1]
%D /M'\& L ,// \

M 0.05 -0.05
05 0 0.5  -05 0 0.5
ky (2/a) ky (27/a)

(d) ke = 0.1]_w/o SOC (e S,
0,05} 0.05} =< ]
%5; 0.0 Yo 0.0} X
a S
= 0.05f -0.05}

A Vi

05 0 0.5  -05 0 0.5

ky (27/a) ky (2/a)

FIG. 5. (a) Color map of the Berry curvature €2, on the k, =
0.42 plane under the C,-AFM configuration. The color range is set
same as in Fig. 4. Band structure along the k, direction corresponding
to two dashed lines in (a) on the same plane; (b) and (c) for k, = 0
without the SOC and with the SOC, respectively; (d) and (e) for
ky = 0.1 without the SOC and with the SOC, respectively. In (c) and
(e), the spin polarization along the x direction (S,) is shown by
red and blue colors. In (d), the spin polarization does not have any
preferential direction.

in Fig. 5(e). Simultaneously, £2,, manifests itself and shows
strong enhancement due to the tiny anticrossing gap along the
nodal lines due to Eq. (4). In terms of magnetic symmetry,
m, and m,6 symmetries keep the 2, invariant and makes the
hot-spot shape symmetric along the , and k, directions on the
plane.

E. Effect of structural distortion on anomalous
Hall conductivity

As discussed in the preceding section, the nonsymmorphic
symmetry operation that relates the opposite spin sites in the
AFM order is a key factor to link the AFM order to the FM
order and to give rise to the AHE in collinear AFM materials.
The orthorhombic crystal structure of CaCrO3; accommodates
a three-dimensional rotation of the octahedra, known as the
GdFeO; rotation, concurrently with a Jahn-Teller distortion
with respect to the cubic perovskite structure. Considering
that the cubic perovskite structure shows the symmorphic
Pm3m space group, we can deduce that the GdFeOj3 rotation
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TABLE III. Optimized lattice constants a, b, and ¢ (A), Cr-O-Cr
bond angle on the CrO, plane 6 (°), long and short bond distances
between Cr and O atoms digng (A) and dgor (A), and the calculated
AHC o,; (S/cm) at the Fermi energy in ACrO; for A=Mg, Ca, and
Sr under the C,-AFM order.

a b c 0 dlong dshnrl Oy;
MgCrO; 49833 5.1886 7.3030 1399 194 191 735
CaCrO; 5.2873 53566 7.4985 1552 192 191 748
SrCrO;  5.4245 54245 7.6639 180.0 191 191 0.0

drives the AHE and the resulted AHC increases with the
distortion.

In order to examine the effect, we performed additional
DFT calculations of the AHC in MgCrO; and SrCrOs;, re-
placing the A-site cation in CaCrOs; by smaller and larger
elements, respectively. The crystal structures were relaxed
starting from the CaCrOsstructure. Table III summarizes the
detail of the relaxed structure and the calculated AHC in
MgCrO;, CaCrOs, and SrCrOs. The calculated Cr-O-Cr bond
angles show that the GdFeO;-type octahedral tilting is en-
hanced in MgCrO3 and absent in SrCrOj3. This is consistent
with an experimental observation that StCrOj3 crystallizes in
the tetragonal P4/mmm structure [47]. The resulted AHC
shows that o,, is zero for SrCrOs, and oy, for MgCrO; is
smaller than that for CaCrQs; the latter is counterintuitive. In
fact, the magnitude of the AHC strongly depends on the detail
of the band structure near the Fermi energy and, therefore,
it is not directly controlled by tuning the structural distortion.
Nevertheless, our result highlights the importance of structural
distortion as a driving force of the AHE.

IV. SUMMARY

The AHE in CaCrO; was predicted by means of first-
principles calculation supported by symmetry analysis. The
AHC was found to be sizable in the collinear C-AFM as the
magnetic ground state, and we revealed two essential roles
of the nonsymmorphic symmetry. (i) The screw and glide
symmetry operations bind the AFM and FM order parame-
ters in the same irreducible representation so that the AHE
is active in the AFM order. (ii) The band-sticking effect at
the Brillouin-zone surface makes the Cr-5 state form the
narrow bands near the Fermi energy; a couple of those bands
cause anticrossing and enhancement of the Berry curvature.
We hope that our prediction of the AHE in CaCrO; will be
verified by future experiments. We also expect that our paper
will provide an important step forward in the understanding of
this unusual AHE and in the exploration of related phenomena
further in transition-metal oxides with their wide variety of
structures and tunable magnetic properties.
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(b) C,-AFM configuration with the magnetic Pbn’'m’ space group.
The translation vectors are shown by arrows; f; = (330), 1, =
(311), and 13 = (001).
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State Physics, the University of Tokyo and Supercomputing
System MASAMUNE-IMR in the Center for Computational
Materials Science, Institute for Materials Research, Tohoku
University (Project No. 202112-RDKGE-0046). The crystal-
lographic figure was generated using the VESTA program [48].

APPENDIX A: SYMMETRY ANALYSIS
FOR SPIN SPLITTING

In the crystalline Pbnm space group, there are eight sym-
metry operations: {E, I, Cox + (330), Gy + 31 1), Co. +
(003), m, + (550), my + (333), m. + (003)}. Introducing
the time-reversal symmetry 6 and adding the products of 6
and these eight symmetry operations, it will be the nonmag-
netic Pbnm1’ space group having 16 symmetry operations.
By considering an AFM order, the symmetry is reduced ac-
cording to the spin configuration. When the SOC is not taken
into account, the spin direction does not have the physical
meaning, and the spin state shows just two states, i.e., up- and
down-spin states. To treat the non-SOC magnetic symmetry,
“black-and-white group” is sufficient [49]. As a matter of
fact, the black-and-white group is often mixed up with the
magnetic space group in the literature. Now we redefine it
as follows. Figure 6(a) shows the C-AFM ordering where
different spin sites are shown by black and white spheres.
In the black-and-white group, rotation and mirror symmetry
operations do not flip the spin, but only the time-reversal
symmetry operation 6 flips the spins as we turn over a
black-and-white disk in the Reversi board game. Therefore,
the black-and-white space group has eight symmetry opera-
tions: {E, I, Cy. + (003), m. + (003), Cox0 + (530), Co,0 +
(%%%), m,6 + (%%0), my0 + (%%%)}; we name it the black-
and-white Pb'n’'m space group, and distinguish it from the
magnetic Pb'n'm space group that appeared in Table I despite
the same name. Among those symmetry operations, the latter
half accompanies spin-reversal symmetry 6 and links the up-
spin (black) sites and down-spin (white) sites, hence, making
two spin states equivalent in the electronic state. In the k
space, each k point has the little group of the black-and-white
Pb'n'm group, whereas the translation part in screw and glide
operations is dropped. If the considered k point has one of
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TABLE IV. Transformation property of the spin state s and the
spin components (s, Sy, s;) at the high-symmetric I", X, and §
points and along the high-symmetric I' — X and I" — § lines in the
orthorhombic Brillouin zone. Without the SOC, the C-AFM order
follows black-and-white Pb'n’m space group and with the SOC,
the C,-AFM order follows the magnetic Pbn'm’ space group. The
possibility of spin splitting (ss) is shown at the last column.

IXS
C-AFM|E I Ca. m: Canf Oy ma m,0]ss
s |11 1 1 -1 -1 -1 —1lno

T, XS
Cy-AFM|E I Cax my Cay0 C2.0 my0 m.0| ss

Su 11 1 1 1 1 1 1|yes
Sy 11 -1 -1 -1 1 -1 1| no
Sz 11 -1 -1 1 -1 1 —1|no
r—-Xx r-s
C-AFM |E m, C2,0 my0| ss C-AFM |[E m.| ss
s 1 1 -1 —1|no S 1 1|yes
r—-Xx r—s

Cy-AFM|E Cop myd m:0|ss  C,-AFM|E m.0]| ss

Sz 1 1 1 1|yes Sz 1 1|yes
Sy 1 -1 -1 1| no Sy 1 1|yes
Ep 1 -1 1 —1|no

S 1 —1|no

four symmetries : {0, Cy,0, m,0, m,0} originating from the
aforementioned screw and glide symmetries, it results in the
spin degeneracy of the bands. Hereinafter, we call them “spin-
degenerate symmetry operations” for the AFM order. Other
symmetry operations in the space group, {E, I, Co; + (OO%),
m, + (00%)}, link the same spin sites and do not cause the
spin degeneracy. Obviously, in the FM order, there are no
spin-degenerate symmetry operations and, hence, there is no
spin degeneracy in the band structure.

Here, we demonstrate the symmetry analysis by taking
band structure along the I' — X and the I' — § axes as ex-
amples; the X and S points are located at k:(%, 0,0) and

(%, %, 0) points in the Brilloin zone, respectively. Table IV
shows the transformation properties of spin momenta along
these lines. Without the SOC, it can be deduced thatthe I’ — X
line does not show the spin splitting whereas the I' — S line
shows the spin splitting; the I' — S line holds m, symmetry
in the little group, but it is not the spin-degenerate symmetry
operation. In other words, the spin state s is invariant un-
der all the symmetry operations along the I' — S line. This
was confirmed in our band-structure calculation shown in
Figs. 7(a) and 7(c). It is interesting to see that the bands are
spin degenerate between the I' and the X points and largely
spin split between the I" and the S points without the help of
SOC. This splitting originates from the AFM configuration
that breaks the effective PT symmetry (i.e., product of the
space-inversion and time-reversal symmetries) [46]. Recall
that the spin considered here does not have any preferential
direction but just black-and-white states.

0.5 0.5
(a) w/o SOC (b) w/ SOC

5 00F-------------- . 0.0F n
>
2 =
5]
=
45|

05 1 -05F .

-1.0 -1.0

r X T X
0'5 0'5 ..........
(c) w/o SOC

>
2
>
on
5]
b=
m

T S

FIG. 7. Calculated band structure (a) and (b) along the ' — X
line and (c) and (d) along the I' — S line in the orthogonal Brillouin
zone. In (a) and (c), the SOC is turned off, and spin states are shown
by red and blue colors. In (b) and (d), the SOC is turned on, and s,
polarization is shown by red and blue colors. Fermi energy is set as
Zero energy.

When SOC is turned on, the spin direction matters. Con-
sidering the spins as axial vectors, the mirror and rotation
symmetry operations can flip the spin components (e.g., m,
mirror operation flips s, and s, but not s,) as well as the
time-reversal symmetry. By considering the Cy-AFM order-
ing, the nonmagnetic Pbnml’ symmetry is reduced to be
Pbn’m’ magnetic space group with eight symmetry opera-
tions: {E,1,Cox + (330),my + (330),C00 + (333).Co0 +
(003), my0 + (333), m:6 + (001)}. In the Cy-AFM order,
the spin momenta are collinearly aligned along the y direc-
tion and slightly canted towards the x direction. As shown
in Table IV, the spin components s,, sy, s, show different
symmetry properties. Since the Cy-AFM order has the same
irreducible representation as F, order, s, is invariant under all
the symmetry operations; s, polarization is allowed to arise
everywhere in the k space as spin polarization in the FM order.
Unlike the AFM-induced spin-splitting case, the magnitude
of the spin splitting depends on the magnitude of the SOC in
this case. As shown in Figs. 7(b) and 7(d), the band structure
exhibits the additional small band splitting by the SOC on
top of the non-SOC band structures [cf. Figs. 7(a) and 7(c)].
Along the I' — X axis, s, polarization is induced by SOC
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40— T information on the other high-symmetric k points and their
. (a) Bare GGA TABLE V. Relative total energy (meV /f.u) calculated with the
20+ B GGA and GGA+U functionals withU = 3 and U = 6 eV for several
r pUaese Lt L M 1 spin configurations: FM, A-, C-, and G-type AFM configurations.
0 Wf The lowest energy is highlighted. The crystal structure (both the
r W lattice parameters and the atomic coordinates) was relaxed under
20+ B the C-AFM order, and then the total energy was compared by using
r the VASP code with 12 x 12 x 10 k-point mesh.
40 . I . I . I . I . I
40 | (b) GGA +‘U, ‘U=‘3e\‘/ T AE (meV /fu) FM A-AFM C-AFM G-AFM
20+ Bare GGA 209.2 59.4 0 103.9
F GGA+U (U=3¢V) 0 12.6 57.5 17.2
GGA+U (U=6¢V) 0 61.8 52.3 529

-40 P S IR B L
| (¢) GGA+U, U=6eV |
20+

DOS (state/eV/fu)
/4

_4()7 Y R R .
8 6 -4 2 0 2 4 6

Energy (eV)

FIG. 8. Calculated total DOS (gray lines) with the GGA and
GGA + U functionals with U = 3 and 6 eV in C-AFM CaCrO;
without SOC. Projected DOSs onto Cr-d and O-p orbital states are
also shown by green and red lines, respectively.

whereas s, and s, polarizations is still zero. Along the I' — §
axis, sy is induced by the SOC, and s, is induced by the AFM
order, whereas s, is zero. Owing to the weak SOC interaction
at the Cr 3d orbital state, the SOC-induced band splitting is
much smaller than the AFM-induced splitting.

The same analysis can apply to the spin-splitting property
discussed in Sec. D. Along the AH line, there are {E, m,0}
symmetry operations originating from the black-and-white
space group, and the latter protects the spin degeneracy of
the band structure without SOC; the degeneracy is lifted by
turning on the SOC because s, polarization is allowed by
{E, m,} symmetry originating from the magnetic space group
as shown in Figs. 5(b) and 5(c). Along the nonsymmetric
k line, all the spin polarization is allowed with/without the
SOC as shown in Figs. 5(d) and 5(e). For further analysis,

symmetry in the magnetic space group can be found in the
Bilbao crystallographic server [50-52]. We confirmed that the
spin degeneracy is symmetry protected along all the k paths in
the band-structure plot in Fig. 1(c) without the SOC. body.

APPENDIX B: EFFECT OF HUBBARD U CORRECTION

In strongly correlated materials, the Hubbard U correc-
tion of the DFT 4 U approach is widely used to reinforce
the on-site Coulomb repulsion for 3d- or 4f-localized or-
bital states [53]. Figure 8 shows the change in the electronic
state in CaCrO3 with the GGA and GGA + U potentials with
various U values. At the bare GGA level (with U = 0 eV),
the Fermi level crosses the Cr-t,, orbital state showing the
good metallic state. As increasing the U value, we found the
band-gap opening with U 2 2.5 eV. The band gap increases
from0.3eVatU =3to1.0eVatU = 6¢eV. This is consistent
with the result reported by Streltsov et al.; the electronic state
is metallic at the local spin density approximation (LSDA)
level and insulating at the LSDA + U level [32]. Nevertheless,
the GGA 4 U result is inconsistent with the experimental
observations of metallicity in CaCrOs [21]. Table V shows
the relative total energy for four magnetic configurations with
several U values. The bare GGA result correctly reproduces
the C-AFM ground state, consistent with the experiment,
whereas GGA + U results show the wrong solution as the FM
ground state. In fact, the Hubbard U correction often overesti-
mates the tendency toward ferromagnetism as already noted in
previous DFT studies on orthorhombic rare-earth manganites
[54,55]. Considering the better description of the metallic
state and the magnetic stability, the bare GGA functional was
used in our DFT calculation.
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