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Recent experiments indicate that films of V,;_,Cr,O, may be obtained which retain the tetragonal
rutile phase to low temperature. In order to better understand this system we have calculated its
electronic structure using density functional theory in the generalized gradient approximation and
density functional theory with empirical on-site Coulomb correlations (LDA+ U). Within these
approximations we find that the ground state of rutile phase V,_,Cr,O, is quite simple. Both V and
Cr are in the +4 state, implying that the V and Cr ions have moments of 1y and 2 up, respectively.
Similar to CrO,, V,_,Cr,0O, is predicted to be ferromagnetic and half-metallic. Our results appear to
be consistent with the experimental observations that VO, is paramagnetic and metallic for
temperatures above 340 K where it is stable. It is not clear, however, that these results are
completely consistent with recent experimental observations of ferromagnetism at low temperature
in V{_Cr,O, for x=0.1 and x=0.2. © 2009 American Institute of Physics.
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I. INTRODUCTION

Above approximately 340 K, vanadium dioxide usually
takes the rutile structure (similar to rutile TiO, and CrOz),1
although other phases are possible.2 As the temperature is
reduced below 340 K, metallic rutile structure VO, trans-
forms into an insulating nonmagnetic monoclinic phase char-
acterized by a dimerization of the V atoms. This metal to
insulator phase transformation has been the subject of much
speculation with most interest directed at understanding the
nature of the insulating phase.%6 Here we focus on rutile
structure VO, and on alloys obtained by partial substitution
of V ions by Cr ions. Our interest is motivated in part by
recent experiments,7 which indicate that films of V,_,Cr,O,
(x=0.1 and x=0.2) may be obtained which retain the tetrag-
onal rutile phase to low temperature. It should be noted that
earlier work on single crystal V,_,Cr,O, for these phases8
found a structure with monoclinic symmetry not greatly dis-
torted from Rutile.

Il. CALCULATED ELECTRONIC STRUCTURE OF
RUTILE VO,

The electronic structure of rutile phase VO, was calcu-
lated using the generalized gradient approximation to density
functional theory (GGA-DFT) as implemented in the VASP
code.”® The experimental lattice constants (a=b
=4.5546 A and ¢=2.8514 A) and internal parameter (u
=0.3001) were used in the calculation. Structural relaxation
changed these parameters by less than 1%. The calculated
density of states (DOS) is shown in Fig. 1. As expected, the
bands with primarily O-p character are completely filled. The
V atoms are ions in the +4 valence state with each of the V
ions having 1d electron. The approximate local octahedral
symmetry of the V site causes the V d states to split into a
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lower energy group (with three states per atom) and a higher
group (with two states per atom). The ground state is found
to be a ferromagnetic half-metal very similar to CrOz.l3 The
minority d states are empty.

Previous calculations of rutile VO, (Refs. 4 and 14)
seem to have focused on the nonmagnetic rutile phases. Our
calculations, however, find the ferromagnetic phase to be
lower in energy than the nonmagnetic phase by 135 meV/f.u.
The ferromagnetic phase was also calculated to be lower in
energy by 79 meV/f.u. compared to an antiferromagnetic
phase in which moments on the two V atoms in the tetrago-
nal cell were antiparallel.

lll. CALCULATED ELECTRONIC STRUCTURE OF
V(CR)O,

The effect on the electronic structure of Cr substitution
on the V sites was investigated using supercells containing

DOS for Rutile VO,
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FIG. 1. (Color online) Calculated DOS for VO,. Energy is measured from
the Fermi energy. The DOS is calculated from the smallest periodic cell
which contains 2 f.u.
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TABLE L. Energy of spin spiral in the (100) direction.
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FIG. 2. (Color online) Calculated DOS for V;5Cr0,50, using GGA-DFT.
Energy is measured from the Fermi energy. The DOS is calculated using a
cell containing 4 f.u. The dashed lines show the density of states within a
sphere with radius of 0.55 A on the Cr ion site.

eight oxygen ions and four cations which could be either V
or Cr. The results were quite simple. The systems were all
half-metallic, with the magnetic moment per cell being equal
to 4+n, where n is the number of Cr ions that replaced a V
ion. In other words, the V ions carry 1ug each while the Cr
ions carry two. Addition of Cr rapidly leads to filling of the
gap between the oxygen p states and the cation d states in the
majority spin channel. On the other hand, the Fermi energy
remains at the top of the minority band gap for 25%, 50%,
and 75% Cr. For 100% Cr, the Fermi energy lies more than
0.6 eV below the top of the gap (Fig. 2).

The calculated energy of the ferromagnetic phase of
V75Cry 250, was lower than that of the nonmagnetic phase
by 190 meV/f.u. It was also lower than that of several anti-
ferromagnetic phases that we tried using the 12 atom cell.

IV. EXCHANGE INTERACTIONS IN VO, AND
V(CR)O,

The GGA-DFT result that rutile VO, is a half-metallic
ferromagnet (within this approximation) raises the question
of whether this could be the actual ground state of rutile
structure VO,. Recall that the rutile structure is typically
accessible only above room temperature. Experimentally,
rutile VO, is a metal with a resistivity of 230 w{) cm at the
transition, increasing linearly to approximately 500 w() cm
at 800 K." It is also paramagnetic with a susceptibility that
increases with decreasing temperature.3 The extrapolation of
the susceptibility to 0 K from above the transition yields a
finite value, however, unlike typical Curie—Weiss behavior.

One can hypothesize that the GGA-DFT result for the
ground state of rutile VO, is correct, but that the ferromag-
netic state is not realized because the structural and elec-
tronic phase transition which occurs at 340 K precludes the
observation of the ferromagnetic state. In order to investigate
this hypothesis, the exchange interactions in VO, and
V(Cr)O, were investigated using both supercell and spin spi-
ral calculations. In a spin spiral calculation the Bloch theo-
rem that relates the phase of the wave functions in adjacent
cells is generalized to include a rotation of the wave function

Angle (rad) Energy (eV)

0 0.00

w4 0.031
/2 0.111
3mw/4 0.155
™ 0.158

in spin space.16 Table I gives the relative energies when suc-
cessive V moments along the (100) direction have a relative
rotation of 0, w/4, m/2, 3mw/4, and 7 radians. The energy
difference between the 0 and 7 radian rotations was con-
firmed by performing a collinear spin calculation starting
from parallel and antiparallel moments.

Comparison of the calculated exchange energies for VO,
with those calculated for CrO, (Ref. 17) indicates that ex-
change interactions are weaker in VO, by a factor of ap-
proximately 2 compared to CrO, leading to an estimate of
the VO, Curie temperature of approximately 200 K within
GGA-DFT. It should be emphasized that VO, is only ap-
proximately a Heisenberg ferromagnet. In particular, the V
magnetic moment decreases by about 40% as the angle be-
tween the magnetic moments at the corner and the center of
the cell are torqued from parallel to antiparallel.

V. ELECTRONIC STRUCTURE USING LDA+U

In GGA-DFT calculations, each electron moves in an
average potential due to all of the other electrons. One con-
sequence of this is that in a periodic system, the wave func-
tions are delocalized regardless of the width of the energy
bands. This is clearly not correct in the limit of a very narrow
band because it neglects the increased energy cost of having
two electrons on the same site and because it includes an
incorrect interaction of the electron with itself. In VO,, the
I, subband is only about 2 eV wide. Thus the bandwidth is
comparable to or possibly even less than the local Coulomb
correlation energy.

These errors in the treatment of the local Coulomb cor-
relations can sometimes be accounted for semiempirically by
a scheme called LDA+U or GGA+ U,18 which effectively
adds an energy penalty to partially occupied local orbitals.
The typical effect is to push occupied levels down relative to
unoccupied levels. We performed GGA+ U calculations us-
ing the Dudarev formulation'® which utilizes a single empiri-
cal parameter, U-J, where U is an onsite Coulomb energy
and J is an exchange energy usually estimated to be approxi-
mately 0.9 eV. In the following we denote U'=U-J.

Figure 3 shows the calculated DOS using GGA+ U with
a U’ parameter of 2 eV for VO,. Figure 4 is a similar DOS
plot for V(75Cr(,50, but with U'=5 eV. Using LDA+U or
GGA+ U we find that the ferromagnetic phase remains lower
in energy than the nonmagnetic phase or any antiferromag-
netic phases that we have tried. As expected, LDA+U and
GGA+U for sufficiently large U pushes the occupied d states
down into the top of the O-p band and opens a gap between
the occupied and unoccupied d levels.
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GGA+U DOS for VO, U'=2eV
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FIG. 3. (Color online) DOS for VO, calculated with GGA+U for U’
=2 eV.

In contrast with GGA-DFT, GGA+U tends to make
rutile VO, a magnetic insulator. The moment remains 1 ug/V
as in GGA-DFT, however, the occupied states are pushed
down relative to the unoccupied states and for sufficiently
large U, a gap opens between the majority occupied d states
and the unoccupied d states. The minority gap remains with
all minority d states empty. The energy of the antiferromag-
netic phase in which the two V moments in the usual tetrag-
onal cell are antiparallel was calculated. It was higher than
the energy of the ferromagnetic phase, but the energy differ-
ence was significantly less than for U’ =0. We found that the
ferromagnetic state was more stable relative to antiferromag-
netic by 135 meV for U’ =0, 46 meV for U'=3 eV, 19 meV
for U'=5 eV, and 16 meV for U’'=7 eV. The energy of the
nonmagnetic phase is much higher than that of the ferromag-

DOS for Vj 75Crg 2050, using GGA+U U'=5eV
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FIG. 4. (Color online) DOS for V45Cr,50, using GGA+U with U’
=5 eV.
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netic phase, 135 meV/f.u. for U'=0, 370 meV/f.u. for U’
=3 eV, 1738 meV for U'=5 eV, and 2563 meV for 7 eV.

VI. CONCLUSIONS

We have presented a summary of extensive calculations
of the electronic structure of VO, and V;5Cr(,50, using
GGA-DFT and GGA+U. It must be admitted, however, that
the electronic structure of rutile VO, and rutile V,_,Cr,O,
remains a puzzle. GGA-DFT correctly predicts that the high
temperature phase is a paramagnetic metal. However, it also
predicts that it is a half-metallic ferromagnet at 0 K, a result
for which there is still no experimental confirmation. Recent
results for VO, doped with 10% or 20% Cr (Ref. 7) indicate
that it is a ferromagnet with a moment of 1up per substituted
Cr ion at the very lowest temperatures. By 50 K this value
drops to a fraction of its low temperature value. Our calcu-
lations using either GGA-DFT or GGA+ U suggest that the
moment should be much larger if it is ferromagnetic. Al-
though the measured resistivity of the V_,Cr,O, is orders of
magnitude lower than that of the undoped VO, at low tem-
perature, its temperature dependence is not that of a metal
but is more appropriate to variable range hopping.
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