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Understanding the ferromagnetic insulating state in Cr-doped VO,:
Density functional and tight binding calculations
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Experimentally, Cr doping in the rutile phase of VO, is found to stabilize a charge-ordered ferromagnetic
insulating state in the doping range of 10% to 20%. In this work, we investigate its origin at 12.5% Cr
doping using a combination of ab initio electronic structure calculations as well as microscopic modeling. Our
calculations are found to reproduce the ferromagnetic insulating state as well as a charge ordering at the V and
Cr sites. The mapping of the ab initio band structure onto a tight binding Hamiltonian allows one to calculate
the energy gain from different exchange pathways. This gain is quantified in this work, and the role of charge
ordering in stabilizing a ferromagnetic insulating state is understood.
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I. INTRODUCTION

Among the magnetic systems that one encounters, an em-
pirical rule has emerged, which is that ferromagnetism is
accompanied by a metallic ground state while antiferromag-
netism is found in members that are insulating. The ones that
break these empirical trends are the most interesting members
as they would require a mechanism beyond the conventionally
accepted theories to explain the origin of the magnetic state.
Even from a technological standpoint ferromagnetic insula-
tors are interesting [1,2] as information transfer can take place
through spin waves, without charge displacement or eddy
current losses. There have been several examples discovered
recently which include the layered materials like Crl; and VI3
[3,4] as well as a three-dimensional oxide Sr3;OsOg with a
high ordering temperature [5]. The recently discovered lay-
ered van der Waals ferromagnet Cr,Ge,Teg is also found to
be insulating [6]. However, the mechanism here as in sev-
eral other compounds such as CdCr,S4 is 90° superexchange
between the Cr atoms via the S atom [7]. This allows a ferro-
magnetic exchange pathway even in insulators. Ferromagnetic
insulators are also found among the double perovskites of the
form A;BB'Og. Here, the presence of different atoms at the B
and B’ sites, where the B’ site is usually nonmagnetic, leads
to a superexchange pathway through the unoccupied states on
the B’ atom that is operational even in an insulator. Even when
the B’ site is magnetic, we have few examples of ferromag-
netic insulators as found in Bi,NiMnQOg and La,;NiMnQOg for
instance [8,9]. The highly distorted perovskite oxide YTiO3
was found to have a ferromagnetic ground state because of
orbital ordering at the Ti site, which also explained the in-
sulating character of the ground state [10]. There have been
other examples found among the undoped oxides such as
strained films of LaCoO3, though the mechanism has not been
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clarified there [11]. The doped manganites [12] as well as
the hollandites K,CrgO;¢ have an unusual ground state where
charge ordering is found to co-exist with a ferromagnetic
insulating state [13]. In Ref. [14] it was speculated that the
charge ordering led to the presence of a superexchange path-
way that could stabilize a ferromagnetic insulator. The present
study allows us to examine the role played by charge ordering
quantitatively.

While V;_,Cr,O, [15-17] in its monoclinic phase has
been extensively studied for its metal-insulator transitions,
the more recent stabilization of the rutile phase in Cr-doped
VO, [18,19] led to the observation of a ferromagnetic in-
sulating state. In this work, we examine the origin of this
unusual ground state. The parent compounds VO, [20-23]
and CrO, [24-27] are examples of an antiferromagnetic in-
sulator (though in a different polymorph) and ferromagnetic
metal, respectively. However, experiments have found that for
Cr doping percentage from 10% to 20% in the rutile phase of
VO,, the system is found to become a ferromagnetic insulator
[19]. X-ray absorption spectroscopy which, apart from being
atom specific is also sensitive to the valence state, reveals the
presence of Cr™>-V*+> pairs [19]. The question that follows is
why do such charge states get stabilized and do they have a
role in the unusual ferromagnetic insulating state found at this
doping concentration.

V atoms have a valence state of +4 in VO,, with
the d electrons on V having an electronic configuration
of d'. An isovalent substitution of V with Cr should re-
sult in a configuration of d? at the Cr sites. As the fully
doped end member CrO, is metallic, one expects a metal-
lic ground state to be favored above a critical doping
concentration. While the transport properties of these sys-
tems have not been studied, x-ray absorption spectroscopy
results which are sensitive to the valence state of the tran-
sition metal atoms reveal the presence of V13 as well as
Cr3 species, in addition to V*™* at 18% doping of Cr
[19]. These results are suggestive of an insulating ground
state being favored, as otherwise the free carriers present
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would result in all the V atoms having the same oxidation
state.

In this work we have doped Cr into the experimentally
observed rutile phase of VO, for doping concentrations of
12.5% and 25% and examined the ensuing electronic and
magnetic ground states. A ferromagnetic insulating state is
found at 12.5% which is consistent with the dopant range in
experiments where it has been seen. The doped Cr atoms are
found to be in the +3 valence state instead of +4 which is
expected for an isovalent substitution. This is achieved by the
transfer of an electron from one of the neighboring V sites,
rendering the latter with a valency of +5. While the distortion
of the Cr-O and V-O bond lengths involves a large component
of strain energy to stabilize the unusual valencies of Cr™
and V13, the large Hund’s intra-atomic exchange on Cr fa-
voring a d* configuration as well as the attractive Coulomb
interactions between Cr™>-V* ions help in stabilizing it. The
charge ordering of Cr*3-V*> jons also facilitates hopping if
the spins are aligned ferromagnetically and is reminiscent of
a “frozen-in” double-exchange configuration. We carry out a
mapping of the ab initio band structure onto a tight binding
model for the ferromagnetic case as well as the closest lying
antiferromagnetic state at 12.5% doping. Within the model we
determine the energy gain from the Cr3-V+> pathway as well
as Cr3-v+* pathway and show for the first time how charge
ordering can stabilize a ferromagnetic insulating state. This
mechanism has to compete with other pathways present.

At 25% doping, the complexity of the possible competing
magnetic ground states increases. This is because while the
V atoms would prefer an antiferromagnetic ordering among
themselves, the relative spin alignment of spins between Cr
and V atoms depends on the separation between the Cr atoms.
The half-filled f,, bands at the Cr3t site would like to be an-
tiferromagnetic, while the pathway through V> would favor
a ferromagnetic ground state. Examining the lowest energy
configuration here, we find it to be again a ferromagnetic
insulator.

II. METHODOLOGY

In order to calculate the electronic structure of Cr-doped
VO,, we have performed first-principles density functional
theory based calculations using the Vienna ab initio simula-
tion package [28]. We have used projected augmented wave
[29] potentials for each atom. These include the semicore
p states on the V atom. We have used a gamma-centered k
mesh of 6 x 6 x 8 for the 24-atom unit cell considered, which
has been appropriately scaled for the larger supercell sizes
considered. A plane wave cutoff of 875 eV was used in the
calculations. The generalized gradient approximation (GGA)
[30] was used for the exchange-correlation functional and
electron-electron interactions were considered by including a
Hubbard U within the GGA + U formalism [31]. One finds a
variation of the U from 2 to 4 eV for V and Cr in the literature
[32-34]. This prompted us to explore variations of U in this
range, the details of which are given later in the paper. Having
explored that the results are robust against variations in U, the
rest of the discussion in the paper uses a U of 2.5 eV on V
atoms and a U of 3 eV on the Cr atoms.

The total energy was calculated self-consistently till the
energy difference between successive steps was better than
107 eV. The total energy of the ferromagnetic configuration
was compared with the energy of other antiferromagnetic con-
figurations within the 8-V-atom +/2a x +/2b x 2¢ supercell
constructed using the experimental lattice parameters of VO,
as the starting parameters, where a = b = 6.441 A and ¢ =
5.700 A [35]. We further optimized both the lattice parameters
as well as the internal coordinates of the crystal. After opti-
mization we found that a and b were slightly (approximately
0.6%—0.7%) underestimated while ¢ was overestimated by
4.4% from its initial value (please see Table S1 of the Sup-
plemental Material [36] for more details). As these results
correspond to the specific case where we have Cr3-V+3 pairs
arranged alternately in the ¢ direction, we explored a larger
unit cell /2a x +/2b x 4¢ in which we doped pairs of Cr
atoms. All distinct locations for the pair of Cr atoms were
explored.

In order to understand the results further we have mapped
the ab initio band structure onto a tight binding model using
maximally localized Wannier functions for the radial part of
the wave functions using the WANNIER90-VASP interface
[37,38] implemented within VASP. The mapping was done for
the 12.5% doping concentration which had 1 Cr atom in the
unit cell and was done for both the ferromagnetic as well as the
closest lying antiferromagnetic state. The basis we considered
for the tight binding model included all five d orbitals on Cr
and V atoms as well as the three p orbitals on oxygen atoms.
A sufficiently large energy window spanning from —7.8eV
below Ey to 4.2 eV above it was chosen to accommodate all
the 88 Wannier functions of our basis. The spreads of each of
the Wannier functions are given in the bottom part of Table
S1 of the Supplemental Material [36], with the largest being
found to be 0.547, 0.611, and 0.716 A2 for Cr and V d and
O p orbitals, respectively. Consequently one can say that the
Wannier functions are sufficiently localized and representative
of the atomic-like orbitals. The mapping then allows us to
extract the on-site energies as well as the hopping interaction
strengths. Our band structure in the Wannier basis provides a
very good description of the ab initio band structure. In Fig.
S1 [36] we show the comparison when we retain interactions
up to just 3.4 A and see that retaining interactions till here
provides us with a reasonable description of the electronic
structure. As we now have the complete Hamiltonian, we
switch off certain hopping pathways and determine the band
energy, computed as the sum of the occupied eigenvalues,
within the tight binding model. This allows us to determine
the contribution from various exchange pathways in each
magnetic configuration.

III. RESULTS AND DISCUSSION

In order to understand the electronic and magnetic proper-
ties of V,_,Cr,O,, we consider a supercell of VO, which has
eight V atoms in it, shown in the left panel of Fig. 1. Each
unit cell has four V chains running in the ¢ direction. This is
also the direction in which the distance between neighboring
V atoms is the shortest and is equal to 2.94 A in the undoped
case. The other neighboring V-V bond lengths are equal to
3.52 A. In order to explore the modifications in the electronic
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FIG. 1. The ﬁa X ﬁa x 2¢ supercell has been shown on the
left while the formation of Cr™-V*> chains as well as the bond
lengths have been shown in the right for 12.5% Cr doped in VO,
(24-atom supercell). The blue and green balls represent Cr* and
V+5 while V** ions are represented by the orange balls. Dashed
black line square box shows the rutile unit cell of VO, used to make
the supercell considered in our study. Dashed red oval box shows
arrangement of Cr™> -V** chains along b direction.

structure at 12.5% doping, one V atom in this unit cell was
replaced by a Cr atom. Displacing the atoms and minimizing
their total energy, we found that the V-V distances are now
modified and become 2.98 A along the c direction, while the
other V-V bond lengths are 3.52/3.53 A. In order to find
the ground state magnetic configuration, we examined the
ferromagnetic as well as the antiferromagnetic configurations
shown in Fig. 2.

In the antiferromagnetic configuration labeled AFM1, the
coupling between the atoms in a chain is ferromagnetic.
The neighboring chains are however coupled antiferromag-
netically. The other antiferromagnetic configuration that was
explored had the V atoms coupled antiferromagnetically
along the chain, while they were ferromagnetic between
nearest-neighbor chains. This was labeled AFM2. The unit
cell parameters were optimized for each of the magnetic
configurations considered. They did not show very large
changes between the different configurations. The total en-
ergies determined for the ferromagnetic as well as various
antiferromagnetic configurations are listed in Table 1. The fer-
romagnetic configuration is found to be more stable than the
closest antiferromagnetic configuration AFM1 by 100 meV

FIG. 2. (a) AFMI1 and (b) AFM2 magnetic configurations for
12.5% Cr doping case. Blue balls are Cr atoms and red ones are
V. Length of the arrow represents the corresponding magnitude of
magnetic moments. Small red arrow corresponds to V*> ions with a
tiny magnetic moment of 0.06 up.

TABLE I. Relative energies of different antiferromagnetic mag-
netic configurations per supercell (24 atoms/8 formula units) with
respect to ferromagnetic configuration for 12.5% doping of Cr in
rutile VO,. Net magnetic moment (MM) is also given for each case.

Energy (eV) MM (115)
FM 0.0 9
AFM1 0.1 1.0
AFM2 0.12 3.0

per supercell. As we have a doped Cr atom which carries a
different moment than the V atoms, we find a net moment
for each of the antiferromagnetic configurations probed and
this has been indicated in Table I. While the experimental
ground state has not been examined at this composition, it has
been found to be a ferromagnetic insulator at 10%, 18%, and
20%. The presence of a ferromagnetic insulating state seems
unusual, so we examine the density of states at 12.5% where
we already found a ferromagnetic ground state to be stabilized
to see whether one finds an insulating state also.

The atom, angular momentum, and spin-projected density
of states are shown for two distinct V atoms that we find in
the unit cell as well as the Cr atom. The system is found to
be insulating. As each transition metal atom is surrounded by
six oxygens, the d orbitals at each transition metal site split
into triply degenerate #,, orbitals at lower energies and doubly
degenerate e, orbitals at higher energies. Examining the Cr d
density of states shown in Fig. 3, one finds that the minority
spin states lie beyond 3 eV above the Fermi level and are
empty. The majority spin 1, states are however found to be
occupied while the e, counterparts are found to be empty. An
isovalent substitution of V by Cr would imply a valence state
of +4 on Cr. However, we find the electron configuration of
t23gT on Cr, implying a valence of +3. One of the V atoms has
none of the d orbitals occupied and hence can be associated
with a d° configuration. We identify a valence of 45 with this

N

>

N O

Density of states/(eV-cell)
N

Energy (eV)

FIG. 3. Calculated spin projected transition metal d density of
states for ferromagnetic Cr doped in rutile VO, at 12.5% doping (24-
atom supercell). Different panels correspond to the atoms identified
as (a) Cr*?, (b) V5, and (c) V** in the calculations.
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TABLE II. Comparison of stability of ferromagnetic ground state and the next competing ground state AFM1 at 12.5% doping in the
24-atom supercell with variation of U on Cr/V d states. The relative energies as well as the magnetic moment (Mom) and band gap have been

given.
U (Cr,V)=4,3¢eV U (Cr,V)=5,4eV
Energy (eV) Mom (up) Gap (eV) Energy (eV) Mom (up) Gap (eV)
FM 0.0 9.0 0.377 0.0 9.0 0.795
AFM1 0.081 1.0 0.413 0.064 1.0 0.876

V atom. Examining the density of states associated with the
other V atoms, we find that one can associate a valence of +4
with them.

The transition-metal-oxygen bond lengths better reflect the
oxidation state when we use bond-valence concepts. The Cr-O
bond lengths in the optimized structure were found to be 1.96
A (x2) and 2.02 A (x4). The presence of the longer bond
lengths reflects the fact that the Cr atom has more electrons,
and so minimizes the Coulomb repulsion between the elec-
trons on Cr and those on O. All the V-O bond lengths were
1.96 A in undoped VO,. The V**-O bond lengths remain
more or less similar to the parent compound with two bonds a
little shorter (1.92/1.93 A). As one would expect shorter V-O
bond lengths for a higher valency of V atom, we also found
the V*3-O bond lengths to be 1.90 A (x6), smaller than that
of the V**-O ones. The V4 and V>7 states correspond to a
formal d' and d° configuration at the V site. As the number of
electrons is higher at the V site for the V4 site, here, the V-O
oxygen bonds have to be longer than between V>* atoms and
oxygen. This leads to larger hopping interaction strengths in
the latter case as against the former. Additionally the electrons
in the higher valence state feel a stronger attraction from the
nuclear potential. This leads to the d levels being stabilized
more, and consequently a smaller charge transfer energy for
the higher valence V atom. Both of these factors contribute
to stronger interactions between the V and the oxygen sites.
Hence in this strongly hybridized picture, one ends up with
very small differences in the number of electrons between the
different valence states. With a small charge transfer energy
as found here, one could also have a higher electron count
for VT than for the V4 atom [39]. The integrated transition
metal d component of the charge within spheres of radii 1.33
A for Cr and 1.323 A for V atoms on the sites labeled \and
V+5 and Crt? are found to be 3.35, 3.38, and 4.16. While
a formal electron count of 1, 0, and 3 are expected in the
transition metal d orbitals based on the oxidation state, one
finds the charge to deviate significantly from these values.
The difficulty in partitioning charge in charge-ordered systems
has been discussed in the literature [39—42] and we repeat
the discussion for completion. The magnetic moments on the
other hand are found to be 1.15, 0.21, 2.95 up. They reflect
the valence state better as has been seen earlier [40]. However,
here we find that the moment on V*# is higher than the value
of 1 expected for the d' configuration that we have at the V
site. This happens because the bare charge transfer energy
is small and is equal to 0.5 eV and becomes negative when
we include the bandwidth of the O p states. This leads to the
enhanced magnetic moment for V** and V*> ions, over what
is expected from a formal d'! and d° configuration at the V
sites.

The presence of charge ordering as well as the emer-
gence of a ferromagnetic insulating state seems interesting, so
we went on to examine whether these results were a con-
sequence of the choice of U on the V and Cr sites. As
the literature [32-34] reports a range of values, we var-
ied U (Uc:/Uy) from 3/2.5 eV to 5/4 eV. In every case
we find the existence of V™, V15, and Cr*3® ions. In or-
der to examine the stability of the ferromagnetic insulating
state, we again compute the energies for different magnetic
ground states. The relative stability of the ferromagnetic
insulating ground state compared to the competing antiferro-
magnetic AFM1 configuration as a function of U is listed in
Table II. In every case we find that the ferromagnetic state
is stabilized and the conclusions remain unchanged. Hybrid
functional calculations were also performed where the com-
ponent of the Hartree-Fock exchange was chosen to be 25%
as is usually considered for transition metal oxides. Here also
we found a ferromagnetic insulating state to be stabilized by
0.094 eV over the closest lying antiferromagnetic state. The
corresponding density of states plot is given in Fig. S2 of the
Supplemental Material [36]. Magnetic moments on Cr*> and
V+4/V+5 were found to be 2.91 and 1.12/0.16 jup, respec-
tively. The band gap was found to be 1.122 eV in contrast
to the value of 0.1 eV we had for a U of 3 eV on Cr and
2.5 eV on V, suggesting a larger value of U. We have not
tried to determine the value of U that would give us this band
gap, as there is no consensus in the literature [43,44] on the
appropriate value of the Hartree-Fock exchange for VO,.

The choice of the supercell in the present instance has the
V+3 and Cr*? atoms arranged alternately in the ¢ direction
along one of the chains. As this corresponds to a special con-
figuration, we examined a larger unit cell of v/2a x +/2b x 4¢

TABLE III. Relative energies of different choices of FM and
AFMI1 configurations (columns 2 and 6) considered in a 4/(2)a x
/(2)b x 4¢ supercell along with shortest distances between different
pairs of Cr/V ions in columns 3, 4, and 5 are listed for the ferromag-
netic configuration.

FM AFM1
Energy Cr3-Crt® Cr3-v+ VH.v+ Energy

Configuration (eV) (A) A) A) (eV)
1 0.0 4.450 3.433 4450 +40.204
2 +0.155 5902 29623461 5.403 +0.400
3 +0.019 3486 2.962/3.461 5.316 +0.224
4 +0.119  2.921 3.475 4451 40.298
5 +0.064  5.341 3.450 4452 +40.245
6 +0.017 5400 2.955/3.436 3.521 +0.302
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FIG. 4. Different choices considered for ferromagnetic arrangements of Cr*? (blue balls), V** (big dark maroon balls), and V*° (small
dark maroon balls) in 1/(2)a x +/(2)b x 4¢ supercell of 12.5% Cr doped case. Small gray balls connecting these atoms are oxygen atoms.
One of the Cr-V3*-Cr pathways is highlighted by thick saffron lines in each of these figures.

which has 16 V atoms. We replaced two of the V atoms
with Cr and explored all unique pairs possible within this
unit cell. Relative energies with respect to the lowest ferro-
magnetic arrangement among various arrangement of doped
Cr atoms in several ferromagnetic and possible AFM1 con-
figurations are given in Table III. We have also tabulated
the shortest distance between the Cr3-CrH3, Crt3-v+5, and
VH3.VF3 pairs in the ferromagnetic case. In six out of the
seven arrangements of doped Cr atoms shown in Fig. 4, we
have the ferromagnetic insulating state having lower energy.
A continuous V>-Cr*? path is not necessary, but the pres-
ence of a pathway between two Cr atoms involving one V3
atom is found to stabilize the ferromagnetic insulating state.
However, when the Cr atoms are far separated as in the sev-
enth configuration, there is no such pathway possible. As a
result, the ferromagnetic configuration is not favored. Having
established the nature of the ground state, we revert back to
the smaller unit cell for further analysis to understand the mi-
croscopic considerations that determine this unusual ground
state.

We have calculated the ab initio band structure along var-
ious symmetry directions for a 24-atom unit cell of VO, in
which one V atom is replaced by a Cr atom corresponding to
a doping of 12.5%. No relaxation of the internal coordinates
was carried out. A ferromagnetic configuration is assumed
and a mapping onto a tight binding model was carried out
for a model which had the transition metal d and oxygen
p states in the basis. Here, the radial parts of the wave
functions are considered to be maximally localized Wannier
functions. The on-site energies were extracted from the above
mapping. Based upon this analysis, an energy level diagram
showing the position of various orbitals in the majority spin
channel is shown in Fig. 5. Here we found that the lowest
lying V-d t, orbital with the on-site energy 3.35 eV was
~0.35eV higher in energy than the highest Cr-d f,, level

with the on-site energy ~3.0eV. This is the reason that the
Cr d levels have three electrons on them. This large stability
for the Cr*? configuration emerges from the large Hund’s
stability associated with a half-filled #,, band. Allowing for
an optimization of the structure, we find that the structural
distortions aid this ordering at the Cr™ site. Additionally, one
finds that the oxygens around one V have distorted resulting
in a V™ configuration. The other V atoms are in the +4

6.08 —
592 ———
5.56

4.87
4.73

335 ——
301 v*id
2.75 ———

2.6

2.50
Cr*t-d

1.90

1.86

1.43 1.44

Corner shared O-p Edge shared O-p

FIG. 5. Energy level diagram for Cr™ d orbitals, corner and
edge shared oxygen p orbitals, and V*™* d orbitals in the unrelaxed
ferromagnetic structure for 12.5% Cr doped VO,. Energies (eV)
for the majority spin channel have been given. This was obtained
by fitting the ab initio band structure within a tight binding model
considering Cr, V d, and O p orbitals in the basis. The radial part
of the tight binding basis functions are maximally localized Wannier
functions.
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FIG. 6. A comparison of the ab initio spin-polarized band structure for ferromagnetic 12.5% Cr doped VO, for (a) up and (b) down spin
channel and that obtained within a tight binding model considering Cr d, V d, and O p states in the basis. Here, the radial part of the tight

binding basis functions is maximally localized Wannier functions.

configuration and the system becomes insulating after the
relaxations.

This analysis offers answers to a few of the questions raised
earlier; however, a few questions remain unanswered, such
as, why do we have a ferromagnetic ground state? Does the
Cr3-V*> pair formation help in realizing a ferromagnetic
state? In order to develop a clear understanding of these is-
sues, we again carried out a mapping of the ab initio band
structure for the ferromagnetic as well as the lowest lying
antiferromagnetic state onto a tight binding model at the same
doping concentration. A comparison of the spin-polarized
ab initio band structure with the tight binding one in both the
spin channels is shown in Fig. 6. One finds that one has a
reasonably good description of the band structure which gives
us the confidence to use the Hamiltonian for further analysis.

An estimate of the energy gain obtained from various hop-
ping pathways available in this doped system would enable
us to quantify their role in stabilization of such an unusual
ground state. For this purpose, we artificially switch off the
Cr3-V+ interactions via the intermediate oxygen atoms and
calculated the band energy. A comparison of the evaluated
band energy with the value obtained without switching off
any interactions would provide us with the energy gain via
the mentioned hopping pathways. This was done for both
the ferromagnetic configuration as well as AFM1 which was
the lowest lying antiferromagnetic configuration. We found
that the gain in energy via this hopping channel in the fer-
romagnetic configuration was ~7eV per hopping pathway.
However, when a similar analysis was done after switching off
direct interaction between Cr™3-V+> pairs, we found a very
small energy gain of 0.065 eV. Based on these two results
one can conclude that there is no direct pathway between the
Cr™3-V* pair. The exchange pathway is through the oxygen
atoms. We also estimated the energy gain from all Cr3-V+*
hopping pathways via the oxygen atoms. We found the gain
for the ferromagnetic configuration to be 3.11 eV per hopping
pathway. We then did the same analysis for the next competing
AFM1 configuration to present a comparative analysis in these
two cases. The band energy gain in the AFM1 configuration
from the most dominating channel of Cr*3-V*> pairs via
the oxygen atoms was found to be 6.293 eV per hopping
pathway. It can hence be clearly seen that this gain is 0.7 eV
larger in the case of the ferromagnetic configuration when

compared to AFMI1 configuration. This helps in stabilization
of the ferromagnetic ground state. Contributions from direct
interaction between Cr™3-V*3 pairs and from all Cr3-v+4
hopping pathways via the oxygen atoms in the case of AFM1
are 0.217 eV and and 2.131 eV per hopping pathway, respec-
tively. Although the direct hopping between Cr3-V** pairs
is larger in the AFM1 case, it is still substantially smaller than
the channel via the oxygen atoms. The Cr’*-V*+> hopping
interactions are again smaller in the AFM1 case when com-
pared to the FM case. The substantial gain from the exchange
pathway between Cr-V sites suggests an important role played
by the charge ordering in stabilizing a ferromagnetic insu-
lating state. Similar ideas were discussed by some of us in
the context of another ferromagnetic insulator K,CrgOj¢ [14]
and the present analysis is able to quantify the role of various
exchange pathways.

Previous ab initio study suggested a half-metallic ferro-
magnetic character of Cr-doped VO, in the rutile phase at
25% doping [45], while higher doping concentrations closer
to the CrO, end were examined in other theoretical papers
[46,47]. This study was done considering a 12-atom supercell
where replacing one of the V with a Cr atom corresponds
to 25% doping. In order to investigate the system at this
doping concentration, we replace two equivalent positions of
the eight V atoms in our 24-atom supercell which corresponds
to the same doping concentration. We allowed for volume
optimization of this structure considering various magnetic
configurations. The results comparing the total energy and the
shortest distance between the Crt3, Crt3-v+5, and V*5-v+3
pairs in different arrangements of Cr atoms in different ferro-
magnetic as well as various antiferromagnetic configurations
at 25% doping are given in Table S2 of the Supplemental
Material [36]. In Fig. S3, we have shown the arrangement
of Cr™3 and V**/V*® jons in the lowest energy ferromag-
netic FM3 structure along with all the other antiferromagnetic
configurations considered. Similar to 12.5% case, we also
find a ferromagnetic insulating ground state in this case with
formation of Cr*3-V*> pairs. Cr has a magnetic moment
of 2.863 up while the atoms identified as V™*/V*> have
magnetic moments 1.12/0.453 pp for the FM3 configura-
tion. We could not compare our results of the 25% Cr doped
case with experiments as no data are available at this doping
concentration.
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IV. CONCLUSION

The ferromagnetic insulating state found in Cr-doped VO,
in the doping range from 10% to 20% has been investigated at
the concentration of 12.5% within ab initio electronic struc-
ture calculations coupled with microscopic modeling within
a tight binding model. We are able to reproduce the fer-
romagnetic insulating ground state within our calculations.
Its stability is explained from the emergence of Crt3-V+3
pairs which are found to be strongly stabilized by attractive
Coulomb interactions. The presence of unoccupied t,, levels

at the V sites and occupied 1y, levels at the Cr*? site leads
to a superexchange pathway via the oxygens. This is found
to strongly stabilize the ferromagnetic insulating state and its
role is quantified.
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