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The electronic and magnetic properties of a recently synthesized perovskite phase of HgMnOj; are studied. By
means of ab initio density functional theory calculations this material was shown to be altermagnetic. We discuss
the features of its electronic structure and unveil the physical mechanism of the anomalous suppression of the
antiferromagnetic exchange interaction in this material. While it is tempting to ascribe the unexpectedly weak
exchange interaction between nearest neighbors to crystal structure distortions, this is an indirect ferromagnetic
exchange via Hg 6s states, which strongly affects the magnetic properties. This effect can be important not only
for HgMnO;, but also for many other transition metal compounds having empty s states, placed not far above

the Fermi level.

DOL: 10.1103/PhysRevB.110.134427

I. INTRODUCTION

The interest in manganese oxides with a perovskite crys-
tal structure (commonly known as manganites) in the last
three decades was mostly related to the discovery of colossal
magnetoresistance in these materials [1,2] and multiferroicity
[3]. Both these aspects are attributed to an interplay between
different degrees of freedom, such as lattice, charge, spin,
and orbital. This makes manganites extremely interesting not
only from a theoretical point of view, but also as an important
class of materials for applied physics, e.g., spintronics and the
design of ferroelectromagnets [4-7].

The members of manganese perovskites’ family demon-
strate a rather rich phase diagram with magnetic properties
changing from different types of antiferromagnetism to fer-
romagnetism depending on the number of d electrons and
structural distortions (see, e.g., Ref. [8] for the phase diagram
of La;_,Ca,MnOs series). Such a variety of their magnetic
properties is commonly explained by the competition between
two relevant interaction mechanisms, double exchange and
superexchange [9], that stabilize either ferromagnetic or an-
tiferromagnetic states.

Among other well-studied manganese oxides with a
perovskite structure special attention has been paid to
CaMnOj;. The crystal structure of CaMnOs possesses
rhombohedral symmetry and is characterized by the Pnma
space group [10]. This compound is a well-studied insulator
[11]. The d levels of the Mn** 343 ion in an octahedral crystal
field are split into e, and 7, subshells, with three electrons
occupying the 15, levels, giving a half-filled configuration.
Therefore, strong antiferromagnetic coupling is expected in
the case of CaMnOj3 due to the superexchange mechanism. Its
Néel temperature is 125 K, and the Curie-Weiss temperature
0 is approximately —500 K (antiferromagnetic) [12].
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Interestingly, another manganite HgMnO;, with the same
Mn**, exhibits a much lower Néel temperature, which is
around 60 K. Its Curie-Weiss temperature is —153 K [13].

In general, mercury-based manganites (both pure HgMnO;
and doped with lead Hg,_,Pb,MnO3;) attract much interest
due to the possibility of strong octahedral distortions resulting
in a polar crystal structure and giving rise to giant electronic
polarization and photovoltaic effects [14]. Moreover, it is
natural to expect that distortions in the crystal structure
are responsible for the strong modification of the exchange
interaction.

HgMnO; is obtained through the reaction of HgO and
MnO; at high temperatures (1473 K) and pressures (20 GPa)
[13]. Under these conditions, the synthesized system has a
rhombohedral crystal structure, the space group R3¢ (No.
167) [13]. HgMnOs; is insulating and one might expect that,
similar to CaMnQOs, it can be a G-type antiferromagnet. The
crystal structures of these two materials are very similar, but
it remains unclear what results in a lowering of Néel temper-
ature in HgMnOj; in comparison with the other manganese
perovskites. Indeed, the d orbitals of Hg>" ions are fully occu-
pied, making the ions nonmagnetic. The exchange interaction
between the half-filled ,, orbitals of Mn atoms is expected to
result in a strong antiferromagnetic exchange.

Our first-principles calculations unveil a physical mecha-
nism for the suppression of the antiferromagnetic exchange in
HgMnO;. The presence of Hg s states not far above the Fermi
level provides a ferromagnetic contribution to the exchange
interaction via their hybridization with Mn e, states. Such an
effect results in the anomalous suppression of the magnetic
transition temperature.

II. COMPUTATIONAL DETAILS

The experimental crystal structure from Ref. [13] was
taken for the calculations. The unit cell used for the total

©2024 American Physical Society
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FIG. 1. (a) The crystal structure of HgMnO;. Purple spheres
represent Mn atoms surrounded by oxygen (red) octahedra, and gray
spheres are mercury. (b) Scheme of the isotropic exchange paths
Ji (purple), J, (blue), and J; (light green) up to the third nearest
neighbors drawn for one Mn atom in a cube.

energy calculations contained six Hg atoms, six Mn atoms,
and 18 O atoms [see Fig. 1(a)]. We employed the projector
augmented-wave (PAW) implementation of the Vienna ab
initio simulation package (VASP) [15—17]. Self-consistent cal-
culations were carried out with the Perdew-Burke-Ernzerhof
(PBE) version of the generalized gradient approximation
(GGA) exchange-correlation functional [18]. The cutoff
energy for the plane-wave basis set is 500 eV. We used a
6 x 6 x 2 k-point mesh. The calculations were performed
using the tetrahedron method with Blochl corrections [19].

To take into account the correlation effects, the rotation-
invariant density functional theory (DFT)4U method intro-
duced by Liechtenstein et al. [20] was employed. In order to
find the ground magnetic state, various magnetic configura-
tions, such as AFM-G, AFM-A, AFM-C, and ferromagnetic
(FM), were considered. For this purpose the unit cell was
doubled along the a axis. For such a cell a k-point mesh of
4 x 6 x 2 was chosen. The effective Hubbard U was varied
from 2.5 to 4.5 eV, with Jy set to 1 eV. The total energy
method was used to calculate the isotropic exchange interac-
tion parameters. Spin-orbit coupling (SOC) was added to the
calculation scheme to estimate the single-ion anisotropy.

The Néel temperature was computed by calculation of the
temperature dependence of the specific heat simulated by the
classical Monte Carlo method using the spinmc algorithm as
realized in ALPS [21]. We used periodic boundary conditions
on the 10 x 10 x 10 box (and checked that a further increase
of its length does not change the result) and 10 000 000
sweeps.

III. RESULTS AND DISCUSSION
A. Magnetic GGA+U calculations

It is well known that taking into account strong Coulomb
correlations is essential to describe the electronic and mag-
netic properties of most of the transition metal oxides [8,22].
However, there is always a problem in estimating the interac-
tion parameters. While substantial progress has been achieved
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FIG. 2. Total energy (AE) of the system relative to the minimum
for different values of U. The trend of change for AFM-C is depicted
inred, AFM-A in green, AFM-G in blue, and FM in purple. The inset
plot shows an enlarged scale, since the values of AE at U = 2.5 and
3 eV between AFM-G and AFM-C are too small.

in recent years in this direction [23-25], there is still some
arbitrariness in choosing Hubbard U. Therefore, we adopted
another approach and performed a series of calculations for
different U. In contrast to Hubbard U, Hund’s intra-atomic
exchange Jy can hardly be screened in solids (it is composed
of several Slater integrals) and we took Jy = 1 eV as in many
other studies [23,25].

There are three possible antiferromagnetic orders in the
perovskite structure of HgMnOs, in addition to the FM con-
figuration. In the case of AFM-G type, each adjacent atom has
oppositely directed magnetic moments (Néel AFM). Another
configuration is AFM-C, in which there are antiferromagnet-
ically ordered FM stripes running along the cubic ¢ axis. The
last AFM-A configuration corresponds to antiferromagneti-
cally ordered FM planes.

Total energies of various magnetic configurations are pre-
sented in Fig. 2. As one can see, with increasing U, a gradual
change of the ground magnetic state from a fully AFM (Néel)
to pure FM is observed. In the case of U = 2.5 and 3 eV the
lowest energy corresponds to the AFM-G state with all six
nearest neighbors being AFM ordered. Further, increasing U
up to 3.5 eV gives an AFM-C ground state with four anti-
ferromagnetically and two ferromagnetically ordered nearest
neighbors for each Mn. For the AFM-A structure being the
ground state for U = 4 eV, each Mn has two neighbors with
opposite spin orientation and four neighbors with codirec-
tional magnetic moments. Finally, at U = 4.5 eV the ground
magnetic state becomes FM. Thus, there is a clear tendency to
increase the number of ferromagnetic bonds with growing U.

In order to choose the most reasonable U, we calculated
the isotropic exchange interaction parameters for HgMnO; for
different U values. The Heisenberg model is written in the
following form,

H = Z-]ijsisj» ()

ij
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TABLE I. Parameters of the isotropic exchange interaction (in
meV) calculated by the GGA+U approximation for various values
of Hubbard U (Jy = 1 eV). In the last row, Curie-Weiss tempera-
tures (in K) calculated by the mean-field approximation from these
exchange parameters are presented.

Jij U=25eV 3.0eV 35eV 4.0eV 4.5eV
Ji 0.87 0.60 0.32 0.01 —-0.35
J 0.24 0.18 0.12 0.05 —0.01
J3 0.03 0.03 0.03 0.02 0.02
Ocw —241 —173 —104 —26 60

where the summation runs twice over each pair. Exchange
paths between Mn atoms up to the third neighbors were
considered [shown in Fig. 1(b)]. The results of the calcu-
lations are summarized in Table I and Fig. 3. As it was
expected, the strongest exchange interaction was found to be
between the nearest neighbors. It gradually decreases with
U and finally changes sign, going from antiferromagnetic to
ferromagnetic.

The Curie-Weiss temperature in the mean-field approxima-
tion, given by

28(S+ 1)
oME — T N 7T, 2
o % Z @)

was estimated for each U (here, Z; is the number of cor-
responding neighbors). One can see from Table I that the
best agreement with the experiment is achieved for Hubbard
U=3eV (08¢ =—173 K and 65y = —153 K). Using Ji,
J>, and J3 for the chosen Hubbard parameter U = 3 eV, one
can recalculate the Néel temperature in the mean-field approx-
imation as
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FIG. 3. Isotropic exchange interaction parameters (in meV) for
various values of U (Jy =1 eV). For comparison, calculated ex-
change interaction parameters J; for real CaMnO; (space group
Pnma, shown in the dark purple dashed line) and for CaMnOj; in
the HgMnO; structure (shown in orange) are given.

with

Jy=q = min | YT |, )

J

where a; are corresponding lattice vectors and Q is the wave
vector in reciprocal space at which J, takes minimal val-
ues, Q = (;r, w, ) in the case of U = 3 eV. It was found
to be Ty =100 K and it overestimates the experimental
one (T¢™ = 60 K) by approximately 1.5 times, which is
typical for the mean-field approximation. Therefore, U =
3 eV seems to be a reasonable choice for the interaction
parameter.

Already at this point one can notice a rather unexpected be-
havior of the exchange coupling between nearest neighbors J;:
It is not only much smaller than in the sister material CaMnOs,
but also changes sign, becoming ferromagnetic at large U,
which is rather counterintuitive given the fact that the superex-
change interaction between half-filled 75, orbitals of Mn*"
must be antiferromagnetic. The origin of this anomaly is a
large ferromagnetic contribution due to the electron transfer
via Hg s states as we will demonstrate in Sec. III C. However,
there is also another important factor, which leads to the
suppression of the Néel temperature: frustration. An antifer-
romagnetic exchange interaction with next nearest neighbors,
J», will frustrate the system and this effect cannot be treated
by the mean-field method.

Therefore, we performed classical Monte Carlo (MC) sim-
ulations taking into account all three exchange parameters and
also a single-ion anisotropy (SIA), which was estimated by the
total energies in DFT+U +SOC calculations. Mn ions occupy
6b sites in the R3¢ structure, which correspond to the 3 point
group with the C3 axis pointing along the ¢ axis. Calculating
the total energies of configurations with spins directed along
and perpendicular to the Cs axis, we found that this is an easy
axis, and the SIA constant D defined as

HY = D(S7)’ )

turns out to be —0.6 K for U = 3 eV. The resulting temper-
ature dependence of the specific heat in MC calculations is
presented in Fig. 4, and one can see that frustrations indeed
suppress the Néel temperature leading to TI\I}’IC = 48 K. This
is in line with the experiment, which shows moderate frustra-
tions with the frustration index |fcw|/Tn = 2.6.

Thus, one can see that U = 3 eV is a reasonable estimate
of the interaction parameter, so all the following results will
be given for this choice of Hubbard U. The ground magnetic
state for U ~ 3 eV (or smaller, which probably would give
even a closer estimation of Ty, but we do not pursue such an
aim here) is AFM-G.

B. Electronic structure and altermagnetism

The calculated partial density of states (DOS) are given in
Fig. 5. The calculated absolute value of the magnetic moment
Umn = 2.86 p. As one can see, taking into account Coulomb
and magnetic interactions immediately gives an insulating
solution with a band gap of 0.72 eV (for U = 3 eV). The top of
the valence band is formed by O 2p states, while the bottom
of the conduction band mostly has Mn e, character. As one
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FIG. 4. Temperature dependence of the specific heat as obtained
by the classical Monte Carlo simulations taking into account the
classical to quantum renormalization factor [S? to S(S + 1)] for
exchange interaction parameters obtained in DFT+U calculations
with U = 3 eV (and taking into account the single-ion anisotropy).

can see, not only empty Mn e, (as expected) but also Hg s
states lie rather close above the Fermi energy. This enables
hybridization between these states, so they play a crucial role
for the magnetism as we discuss in Sec. I[IIC.

Next, we analyze the electronic structure of HgMnO; ob-
tained for the ground state AFM-G order in detail. First, it has
to be noticed that this magnetic order does not increase the
primitive unit cell (with respect to the nonmagnetic situation),
which consists of two formula units. Second, there is no inver-
sion symmetry connecting two magnetic ions and, third, there
is the C; axis, which transforms Mn from two different spin
sublattices one into another. Therefore, HgMnO; is expected
to be altermagnetic according to Ref. [26], i.e., there must
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FIG. 5. The partial density of states (PDOS) per formula unit
for HgMnO;, calculated in the GGA4-U approach with parameters
U=3¢eV, Jy=1 eV, for the AFM-G configuration (PDOS for
Mn is given just for one type of atom). Positive and negative DOS
corresponds to different spin projections. Position of Ca 3d in real
CaMnO; is shown in the inset in blue. As one can see, they are
significantly higher in energy than Hg s.
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FIG. 6. Band structure for HgMnOj calculated in spin-polarized
GGA+U (U =3 eV, Jy =1 eV). Black and red colors correspond
to the bands for different spin projections, up and down, respectively.
T,U,andV points are [0, 1/2,1/2],[1/2,0, 1/2],and [1/2, 1/2, 0].

be high-symmetry directions in the reciprocal space along
which electronic bands for different spin projections do not
coincide.

The band structure obtained in GGA+U calculations for
the AFM-G configuration is presented in Fig. 6. As one can
clearly see, bands from the opposite spin channels in the
T-U direction (k vectors [0, 1/2,1/2] and [1/2, 0, 1/2], cor-
respondingly) do not lie on top of each other, both above and
below the Fermi level. The same situation applies to the U-V
direction. This fact directly demonstrates that HgMnOj is an
altermagnet.

C. Mechanisms of exchange interaction

In fact, it is rather unusual that the Néel temperature for
HgMnO; turns out to be as small as 60 K. Naively, for
Mn** ions with all fp, orbitals half filled, one would expect
a strong antiferromagnetic exchange interaction according to
the famous Goodenough-Kanamori-Anderson rules [22,27].
Moreover, ferromagnetic contributions typically have 1/U?
dependence, while antiferromagnetic ones have 1/U [28].
Therefore, the antiferromagnetic exchange should become
smaller, but not change its sign for increasing U, if a con-
ventional superexchange mechanism is operative in HgMnOj;.
We see from Table I that this is in strong contrast to the
results of direct GGA+U calculations. Indeed, above U =
4 eV the exchange constant J; between nearest neighbors be-
comes ferromagnetic. This suggests that another mechanism
is decisive or at least contributes significantly to the total
exchange.

In order to find out the origin of this anomaly we ad-
ditionally calculated exchange parameters for CaMnQO3 and
obtained that an exchange interaction with nearest neigh-
bors, J; (a more detailed study of CaMnO3; was performed
in Ref. [29]), decreases slowly and never becomes FM (see
Fig. 3, dark purple dashed line). Thus, we see that the ex-
change interaction in this material behaves in a conventional
way and can be described by the superexchange mechanism.
Next, we checked that the result is not related to the difference
in volume and other details of the crystal structure between
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FIG. 7. Sketch illustrating the mechanism of the indirect ex-
change to explain the substantial ferromagnetic contribution in
HgMnO;. Left (right) corresponds to ferromagnetic (antiferromag-
netic) ordering. Mn 3d states are shown by blue, while Hg 6s states
by green solid lines. There is a hybridization (dotted line) between
states of the same spin, which leads to a shift for the corresponding
density of states. The result of hybridization is shown by dashed
lines. One can see that it is more efficient in the case of the ferro-
magnetic configuration and therefore the indirect exchange via Hg
6s states will stabilize ferromagnetism.

Ca and Hg manganites. We replaced Hg ions by Ca ones in
the R3¢ structure of HgMnO;, recalculated J; for different U
values, and also plot them in Fig. 3 by the orange dashed line.
One can see that while J; decreased by an absolute value it
has the same U dependence and never becomes FM as the
nearest-neighbor exchange in real CaMnO3;. We also calcu-
lated all previously discussed isotropic exchange interaction
parameters for U = 3 eV for CaMnOj; in the R3¢ structure
(Ji =1.23 meV, J, = 0.17 meV, and J3 = —0.01 meV). For
this case, the estimated by the mean-field approach Néel tem-
perature immediately increases up to 213 K. Therefore, it
is the Hg ions that lead the exchange interaction anomalies
in HgMnOj; and, consequently, this effect will influence the
magnetic transition temperature.

In contrast to Ca, Hg ions have s states lying above the
Fermi level (see Fig. 5). Being strongly hybridized with ex-
tended Mn e, orbitals, these states can affect an exchange
interaction via an indirect exchange mechanism, which is
sketched in Fig. 7. This mechanism gives a FM contribution to
the total exchange interaction. Indeed, hybridization between
occupied spin majority f,, states and empty Hg 6s states
lower the #, band (and therefore decrease the total energy
of this configuration) in the case of FM ordering between
two Mn sublattices as illustrated in Fig. 7. Neglecting cor-
relation effects, the corresponding energy decrease (due to
the exchange interaction) is 8Egy ~ 72/ Acks, Where Acgg is
the crystal field f,, — e, splitting (Hg 6s states are strongly
hybridized with Mn e, and placed at the same energy) and
f is the effective hopping between Mn d states via Hg 6s
orbitals. In case of AFM ordering the hybridization will be
with a much higher-lying states shifted by a Stoner splitting
proportional to /M (I is the Stoner parameter and M is the
sublattice magnetisation). Thus, for the AFM case the energy
gain will be only 8Expm ~ 72/(Acks + IM). We see that this
mechanism provides a FM contribution and in the first approx-
imation it is independent on Hubbard U (in “atomic” language

it would rather depend on Hund’s intra-atomic exchange). The
corresponding contribution due to this indirect exchange (ie)
via Hg 6s states is

1

e = g9

(OEarm — 8ErM)

>
Acrs(Acrs + IM)’

m

(6)

where the summation runs over all possible hopping channels
(between different orbitals). This FM contribution does not
directly depend on U, but is rather scaled by Stoner / (or
Hund’s Jy as it was mentioned above). However, one may
expect that by increasing U we shift empty Mn d states closer
to empty Hg s states, making this mechanism even more
efficient.

It is worthwhile mentioning that there is also a conven-
tional FM superexchange between half-filled 7,, and empty
e, orbitals via orthogonal 2p orbitals as explained, e.g., in
Ref. [30]. However, our GGA+U calculations of CaMnQOj3
in the structure of HgMnO; clearly demonstrate that these
are Hg s states, which are an essential ingredient for the
suppression of the AFM exchange interaction.

IV. CONCLUSIONS

The results of our first-principles DFT calculations for both
HgMnO; and CaMnO3; compounds clearly show that these are
not conventional modifications of the crystal structure that are
responsible for the anomalous suppression of the Néel tem-
perature in HgMnO;. It turns out that the electronic structure
of the A%+ site in A>*Mn** O3 manganites strongly affects the
resulting exchange interaction and may cause the suppression
of antiferromagnetism.

Presence of the Hg s states near the Fermi level and
their hybridization with the Mn e, subshell facilitates in-
direct exchange interaction, giving sizable ferromagnetic
contribution in addition to the expected according to
the Goodenough-Kanamori-Anderson rules antiferromagnetic
exchange interaction. Experimentally, in the case of HgMnO;
synthesized under high pressure the Néel temperature turns
out to be two times smaller than in CaMnOs. It has
to be stressed that the physical mechanism lying behind
suppression of the antiferromagnetic exchange interaction
in HgMnO; is universal and can be applied for many
other different materials containing ions with completely
filled d states and empty s orbitals lying just above the
Fermi level.

Last but not least, our analysis shows that HgMnO; is
expected to be altermagnetic. This makes especially inter-
esting studies of magneto-optical response as well as the
spin-transfer torque in this highly unusual material [31].
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