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We investigate the altermagnetic properties of strongly-correlated transition metal oxides con-
sidering the family of the quasi two-dimensional A2BO,4 and three-dimensional ABO3. As a test
study, we analyze the Mott insulators CazRuO4 and YVOs. In both cases, the orbital physics is
extremely relevant in the ta4 subsector with the presence of an orbital-selective Mott physics in the
first case and of a robust orbital-order in the second case. Using first-principles calculations, we
show the presence of an orbital-selective altermagnetism in the case of CaaRuO4. In the case of
YVOs3, we study the altermagnetism as a function of the magnetic ordering and of the Coulomb
repulsion U. We find that the altermagnetism is present in all magnetic orders with the symmetries
of the Brillouin zone depending on the magnetic order. Finally, the Coulomb repulsion enhances
the non-relativistic spin-splitting making the strongly-correlated systems an exciting playground for

the study of the altermagnetism.
I. INTRODUCTION

The spin splitting of the energy bands typical for
the ferromagnetic and ferrimagnetic configurations was
found in antiferromagnetic systems, namely magnetically
ordered compounds with zero net magnetization. These
compounds with compensated magnetic moments in the
real space but with spin-polarization order in the re-
ciprocal space are named altermagnetsi’?. As a con-
sequence of the non-relativistic spin splitting, the al-
termagnetic systems exhibit an anomalous Hall effect
even without a magnetic order in the real space?. This
happens when the opposite-spin sublattices are con-
nected by roto-translations and not by inversion or trans-
lation mechanisms. These conditions are satisfied in
many antiferromagnetic systems with antiferro orbital-
order®. The magnetic space groups are classified into
four types, depending on the relation to the parent crys-
tallographic space group®. In a recent work, it was
shown that the altermagnetism can be found in the type-
I and type-III magnetic space groups®. Several tran-
sition metal oxides® and rare-earth compounds? have
been shown to exhibit altermagnetism. We have shown
that altermagnetism survives selectively on the surface
states® and has an interplay with the non-symmorphic
symmetries” . The altermagnets can also be used in
applications like spintronicst?, spincaloritronics* and in

Josephson junctions'?.,

In the strongly-correlated transition metal oxides, the
interplay between magnetism and orbital physics plays an
important role!®. Looking for altermagnetism with large
non-relativistic spin-splitting, we need to search for sys-
tems with strong orbital order. The orbital-order could
be in the e, subsector™® 18 or in the tog subsector. In this
paper, we focus on compounds with orbital order in the
latter. To investigate the altermagnetism in transition
metal oxides, we choose two systems belonging to the
two major classes of oxide perovskites: the quasi two-
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FIG. 1. Symmetries of the irreducible Brillouin zone for the
orthorhombic CasRuO4 (space group Pbca no. 61). In our
notation, the high-symmetry points with the subscript 1 and 2
show altermagnetism along the path towards the I" point. The
position of the high-symmetry k-points Ui, Uz, R1 and Re
are highlighted in green and orange. The dashed magenta line
indicates the high-symmetry path U;-I'-Us which is one of the
possible paths to show the altermagnetism in this magnetic
space group.

dimensional AsBO,4 and three-dimensional ABOs. Re-
garding the quasi two-dimensional case, we investigate
CagRuQy while for the three-dimensional case, we study
YVOs3. In both cases, the interplay between the elec-
tronic correlation and the orbital physics is extremely
relevant in the to, subsector, which dominates the low en-
ergy physics. CagRuQOy is an antiferromagnetic Mott in-
sulator with orbital-selective Mott physicst? 2l and spin-
orbital correlation driven negative thermal expansion®Z.
Recently, the metal-insulator transition induced by elec-
tric current or electric field was deeply investigated in this
compound??. The large family of vanadate oxides AVO3
(A = LaY,..) was intensively studied for the inter-
play between orbital and magnetic orders and the metal-
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FIG. 2. (a) Band structure of CazRuO4 along the high-
symmetry positions Ri-I'-Rz. (b) Band structure of CasRuOu4
along the high-symmetry positions U;-I-Us. (c) Magnifica-
tion of the band structure along the R;-I'-R2 k-path with
energy between -1.8 and -0.4 eV. Blue and red lines represent
the spin-up and spin-down channels, respectively.

insulator transition present in this material class?4748.

Recently, a member of the vanadates family has been
predicted to be a rare Kugel-Khomskii system where a
purely electronic mechanism can drive the orbital-order

via the superexchange??. We decide to investigate YVO3
which presents the largest distortions and therefore the
most robust orbital-order among the members of this
family.

Using first principle calculations, we demonstrate
the presence of altermagnetism in both CasRuO, and
YVO3. We discover an orbital-selective altermagnetism
in CagRuQ4 and we report the evolution of the altermag-
netism as a function of the magnetic order and Coulomb
repulsion in the vanadates family.

The paper is organized as follows: in the second
Section, we illustrate the computational details and
symmetries of the systems. In the third Section,
we study the orbital-selective altermagnetism in quasi
two-dimensional CasRuQ,4 while in the fourth Section,
we show our results for the correlation-enhanced non-
relativistic spin-splitting in YVOj3. Finally, we draw our
conclusions.

II. COMPUTATIONAL DETAILS AND
SYMMETRIES

We performed density functional theory calculations
by using the VASP packages32. All the calculations
have been done without considering relativistic effects.
For the CasRuO4, we have investigated the so-called
short phase S-Pbca with space group no. 61. We have
used a Coulomb repulsion of U=3 eV on the d-orbitals of
the Ru-4d%%, the remaining computational details for the
CagRuOy were reported in a previous paper®. For the
YVO3, a plane-wave energy cut-off of 400 eV has been
used. As an exchange-correlation functional, the gener-
alised gradient approximation (GGA) of Perdrew, Burke,
and Ernzerhof has been adopted®®. We mapped the mo-
mentum space with a 8x8x6 k-mesh centered at I' with
100 independent k-points in the Brillouin zone (BZ). We
have used the Coulomb repulsion U on the 3d-V orbitals
with the Hund coupling Jz;=0.15U. We have scanned U
between 0 and 5 eV with the best value being around
U=3 eV3Y, The crystal structure is the Pbnm with space
group no. 62 observed upon cooling below 77 K. We have
used the experimental positions and the lattice constants
reported at 5 K7,

IIT. ORBITAL-SELECTIVE
ALTERMAGNETISM IN CasRuOq4

The symmetries of the BZ for the antiferromagnetic
phase of CasRuQ4 are reported in Fig. With the
subscripts 1 and 2, we indicate the two points in the k-
space that have opposite non-relativistic spin-splitting.
We plot the non-relativistic band structure of CagRuQOy4
in Fig. [2|along two different k-paths R;-T'-Rs (top panel)
and U;-I'-U, (middle panel). In Fig. [2|c) we show a mag-
nification of the band structure along R;-I'-Rs. These
k-paths represent the regions of the k-space where the al-



termagnetic spin-splitting is maximum, but it survives in
all the BZ except for the high-symmetry directions where
one of the k-component is zero or on the zone boundaries
of the BZ. The band structures are composed of two sets
of bands. The first set is composed of 4 weekly dispersive
bands at around -1 eV and 4 weekly dispersive bands at
around +1 eV with respect to the Fermi level. The other
set is more dispersive and it is composed of 2 bands in
the top of the valence and the other 2 bands that have a
bandwidth from -0.5 to -2.0 eV. The less dispersive bands
at around -1 eV and +1 eV have mainly d,./d,. char-
acter, while the others are mainly dg,. The lowest d,
band has a bandwidth between -0.5 and -2.0 eV while
it hybridizes with the majority d,./d,. bands around
-1 eV. In both k-paths, we observe the presence of non-
relativistic spin-splitting in the d,./d,. bands while the
splitting is suppressed in the d,, bands. This orbital-
selective altermagnetism cannot be explained only with
orbital-dependent spin-splitting. The altermagnetic spin-
splitting does depend on the spin-splitting between the
majority (maj) and minority (min) spin-channels E™"-
E™aJ. This quantity shows strong orbital dependence in
CasRuOy4. At the T' point, Eg;i"—Eg;‘:j = 1.6 ¢V while

ZI’Z”/ dw—EZZJ) 4,.= 2.2 eV. Nonetheless, this difference is

not enough to explain this large orbital-selective effect.
We show that this scenario is made possible by the quasi-
two-dimensionality of a system with ty, electrons. The
d,, orbitals have negligible hopping parameters between
the layers, therefore we can assume that the d,, bands
are two-dimensional?¥32. Therefore, we have a mirror
plane that produces an approximated mirror symmetry
and suppresses the altermagnetism as we can see in the
schematic picture Fig. a). However, the d;,/d,, or-
bitals are 3D and this plane is not a mirror anymore when
we go in 3D as we can see in Fig. b). In Fig. c,d), we
report the top view of the d,./d,, orbitals. We observe
that there is no mirror for the 3D orbitals but there is a
rotation of 90 degrees that map the d,./d,. spin-up in
the d,. /dz. spin-down and vice-versa realising the alter-
magnetism.

The AHE was deeply investigated in ferromagnetic
ruthenates oxides and its interfaces for the tunable prop-
erties deriving from the Berry phase and for the pres-
ence of humps®’4. Due to the orbital selective alter-
magnetism, we obtain that the AHE can be measured
in CagRuOy4 just in n-doped samples while the highest
valence bands show no sizeable altermagnetism.

IV. CORRELATION EFFECTS ON THE
ALTERMAGNETIC PROPERTIES OF YVO3;

Now we shift our attention to the second class of
oxide perovskites that we want to investigate, namely
the three-dimensional ABO3. We analyze the altermag-
netism in YVOg3 as a function of the magnetic order.
The magnetic orders usually investigated in transition-
metal perovskite ABO3 with four formula units in the
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FIG. 3. (a) Schematic top view of the d,, majority electrons
in a 2D plane cut by a perpendicular mirror plane in black.
(b) The same plane used as a mirror in the 2D case is not a
mirror plane anymore in the 3D crystal structure of CaaRuOa4.
The grey and light blue colors indicate the octahedra in dif-
ferent planes. (c¢) Schematic top view of ds. spin-up and d,.
spin-down majority electrons. (d) Schematic top view of dy .
spin-up and d,. spin-down majority electrons. We use the
color blue and red for the spin sublattices up and down, re-
spectively.

unit cell are A-type, C-type and G-type, shown in Fig.
[4] together with the magnetic space group numbers and
types??. The band gaps of the three different magnetic
orders at U=3 eV are 1.39 eV, 1.48 eV and 1.69 eV,
respectively. The altermagnetism is present in all mag-
netic orders and this outcome is not granted by the space
group No. 62. Indeed, by changing the magnetic config-
uration, the system changes the magnetic space group.
Since YVOs3 stays altermagnetic in all magnetic config-
urations, it means that all the magnetic space groups
of the different configurations belong to types I and III.
Paying attention to consider the correct setting for the
crystal structure, the magnetic space groups for A-type
are 62.448, 62.447 and 62.441 for the Néel vector along
x, y and z, respectively. The C-type configurations be-
long to the space groups 62.446, 62.441 and 62.447 for
the Néel vector along x, y and z, respectively, while for
the G-type configuration, the magnetic space groups are
62.441, 62.446 and 62.448 for the Néel vector along x, y
and z, respectively. The space group 62.441 belongs to
Type-I while all others belong to the type-III magnetic
space groups. In other compounds with space group No.
62 but different crystal structures and magnetic space
group, the altermagnetism was observed just in one of
the magnetic orders!l. In Fig. |5, we show the way how
symmetries of the BZ evolve which is not straightforward
as a function of the magnetic order. For the C-type mag-
netic order, we have a checkerboard pattern of R; and Ry
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FIG. 4. Crystal structure of YVOg3 for the (a) A-type, (b) C-type and (¢) G-type magnetic order in the Pbnm setting. The
spheres with colors blue and red represent the V atoms with the opposite spin moments. The grey spheres are the Y atoms,
while the green spheres are the O atoms. The magnetic space groups for A-type, C-type and G-type configurations are described

in the text.

FIG. 5. Symmetries of the Brillouin zone for the (a) A-type, (b)
no. 62) in the Pbnm setting. In our notation, the high-symmetry
the path towards the I" point. The positions of the points R; and Rz evolve as a function of the magnetic order. In A-type

and G-type magnetic orders, the k-paths I'-T and I'-U show alte

while no altermagnetism is present neither along I'-U nor
I'-T as shown in Fig. b). For the A-type and G-type,
we have consecutive R; and Ry along the k; and k, axis,
respectively. The altermagnetism is present also along
the I'-T and I'-U paths for the A-type and G-type mag-
netic orders, respectively. As a consequence, the C-type
magnetic order has fewer regions of the k-space where
altermagnetism is present. We report in Fig. [6] the band
structure along the R;-I'-Rs path for the three magnetic
orders. Despite the minor region of the k-space with
altermagnetism, the C-type is the magnetic order that
shows larger non-relativistic spin-splittings. The A-type
shows very small non-relativistic spin-splittings, while in
the G-type magnetic order we obtain intermediate values
for the spin-splittings.

Finally, we report the evolution of the non-relativistic
spin-splitting as a function of the Coulomb repulsion for
the majority to, V-orbitals. We consider the midpoint
between I' and R in the momentum space, since the large
spin-splitting is zero at I' and R and it is usually max-
imum at halfway™. The Coulomb repulsion is uniform
over the Brillouin zone, therefore it will affect the band

C-type and (¢) G-type magnetic order of YVO3 (space group
points with the subscript 1 and 2 show altermagnetism along

rmagnetic spin-splitting, respectively.

structure at all k-points in the same way. The absolute
values of the spin-splittings for all six bands are consid-
ered at U=0, if the spin-splitting change sign we use the
negative value. The results are reported in Fig. [7] for
the G-type magnetic order. From the plot, we conclude
that the spin-splitting at U=0 is relatively small due to
the weak electronic dispersion of the strongly-correlated
bands. However, the Coulomb repulsion enhances on av-
erage the non-relativistic spin-splitting. Indeed, we have
a correlation-enhanced non-relativistic spin-splitting up
to a factor 4-5 with respect to the initial splitting at
U=0. The motivation for this large increase is the fol-
lowing. The relevant quantity for the altermagnetic spin-
splitting is the spin-splitting between minority and ma-
jority to, electrons Eggi"—Eg;], this quantity increases
with U. As the splitting between minority and major-
ity increases with U, the altermagnetic spin-splitting on
average follows a similar trend.

As a weak point of this analysis, in both CasRuO4 and
YVOj3 the non-relativistic spin-splitting is relatively weak
despite the strong orbital-order in YVOgs. Therefore, to
obtain very large non-relativistic spin-splitting we need
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FIG. 6. Spin-splitting along the R;1-I-Rs for the majority t2q V-bands of YVOg3 for the (a) A-type, (b) C-type and (c) G-type
magnetic order. In these cases, we have used the value of U= 3 eV. The spin-up channel is shown in blue, while the spin-down

channel is shown in red.

60 T T T T
band N-3 ——
< band N-2
[0] band N_1 .............
£ 40 band N
2 band N+1
£ 20| band N+2
[e}
@
Q
2 0
2
ks
o
£ -20
o
Z
-40 L L : 4
0 1 2 3 4 5
U (eV)
FIG. 7. Evolution of the spin-splitting at the vector

k=(0.25,0.25,0.25) as a function of the Coulomb repulsion for
all 6 bands of the majority t24 V-orbitals. The band number
N is the highest valence band while the band number N+1
is the lowest conduction band. We considered the absolute
value of the splitting at U=0 and we assume it as negative
when the spin-splitting changes sign.

both strong orbital-order and large hopping parameters.
The latter are usually not present in strongly-correlated
systems.

V. CONCLUSIONS

Using first-principles calculations, we have investi-
gated the altermagnetism in strongly correlated systems
with an orbital order in the tg, subsector, choosing
two systems belonging to the two major classes of
oxide perovskites: the quasi two-dimensional A;BOy4
and three-dimensional ABO3z. We have found an

orbital-selective altermagnetism in quasi 2D CasRuQy.
While the d,./d,, orbitals are connected only by a
roto-translation as requested condition to observe the
altermagnetism, the quasi-twodimensionality of the d,
bands allows introducing a mirror plane that strongly
suppresses the altermagnetism in the d,, bands. In the
YVOs, the altermagnetism is present in all magnetic
configurations. We have shown how the symmetries of
Brillouin zone evolve in the three-dimensional YVOs3 as
a function of the magnetic order. The non-relativistic
spin-splitting is larger for the C-type magnetic order.
We report that the Coulomb repulsion enhances the non-
relativistic spin-splitting making the strongly-correlated
system a platform for the research of altermagnetic
properties.
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