PHYSICAL REVIEW B

VOLUME 2,

NUMBER 2 15 JULY 1970

Energy Bands of VO

T. E. Norwood* and J. L. Fry
Department of Physics and Astvonomy, Louisiana State University, Baton Rouge, Louisiana 70803
(Received 23 January 1970)

A tight-binding calculation of the energy bands of VO has been performed for several
different atomic configurations using all the valence and core orbitals from vanadium and
oxygen as bases. All tight-binding integrals are accurately evaluated and all sums carried

to convergence.

Energy bands are found to be sensitive to the particular core states included

and to the degree of ionicity assumed. Results for the band structure indicate that d bands
are about 7 eV wide, lying below the vanadium 4s band, so that conductivity in VO is attrib-
uted primarily to d electrons. The Fermi energy falls in the 4 bands at a large peak in the

density of states.

I. INTRODUCTION

We report in this paper a calculation of the elec-
tronic energy bands in VO, a transition-metal com-
pound with the NaCl crystal structure. The pur-
pose of the calculation was twofold: first, to
make a full scale application of the tight-binding
method to a transition-metal compound, and sec-
ond, to make an investigation into the nature of
the energy bands of perfect crystals of VO.

Transition-metal compounds in general, and
transition-metal oxides especially, have received
considerable attention in the past few years. The
wide range of electric, magnetic, and optical
properties exhibited by these compounds offers a
real challenge to the energy-band theory, which
often fails outright in its simplest form. An ex-
cellent review of the current understanding of
these compounds has been given by Adler.!

Some oxides of transition metals are metallic,
such as TiO and VO. Others are insulators, such
as NiO and CoO, while some higher oxides of ti-
tanium and vanadium undergo metal-to-insulator
transitions at some critical temperature. Yet
most of these compounds are predicted to be
metals from the point of view of simple band the-
ory, since they are expected to have partially
filled d bands. Generally one might expect the
d bands to narrow considerably as they are filled
in moving across the Periodic Table in the transi-
tion series, and a completely localized model
might be more appropriate to the latter elements
in the series, especially when forming compounds.
Conversely, the early elements in the series ex-
hibit several valence states when forming com-
pounds and often crystalize with large amounts
of defects. They also seem to have larger band-
widths and perhaps lie closer to the band limit.
VO belongs to this class and for this reason, in
addition to its structural simplicity, was chosen
for this study.

M

II. THEORETICAL SITUATION

Until the last five or six years the theory of
transition-metal compounds has been left to quan-
tum chemists, who use crystal-field theory and
ligand-field or molecular-orbital theory to de-
scribe d electrons in solids.? The extent to which
d electrons in transition-metal compounds may be
treated as completely localized or completely
bandlike is not yet clear, but examples of com-
pounds may be found which seem to illustrate both
limits. It thus seems worthwhile to test the meth-
ods of band theory more fully. This has not been
done in the past because of calculational difficul-
ties. All of these compounds have at least two
different atoms (one molecule) in a unit cell, and
many have more. Although a number have the
NaCl structure, many have lower symmetries,
and the methods of group theory are not so fruitful.
In addition, there are magnetic properties for
which some account must be made. Most band
theoretical investigations which have been done
to date concentrated on the NaCl-type compounds
or on compounds which are metallic and give some
hope in advance that band theory will yield reason-
able results.

Two methods of energy-band theory have been
used for determining energy bands in transition-
metal compounds: the augmented-plane-wave
(APW) method?® and the tight-binding or linear-
combination-of-atomic-orbitals (LCAO) method.}
Both of these methods are suitable for narrow d
bands found in transition-metal compounds, but
the latter had been used primarily as an interpola-
tion or empirical scheme until the work of Lafon
and Lin® established it as an accurate quantitative
method when properly applied. While the APW
and LCAO methods have their own special advan-
tages and disadvantages, the application of either
in the usual way is not adequate for the transition-
metal compounds.
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A number of band calculations have been com-
pleted for transition-metal compounds with the
NaCl structure using these two methods. The
metals TiC, TiN, and TiO have been studied with
detailed APW calculations® and also™® with the
Slater-Koster form® of the LCAO method. Yama-
shita!® performed modified tight-binding calcula-
tions for TiO, and Schoen and Denker have used
an APW virtual-crystal approximation®! to study
properties of both perfect crystal and defective
Ti0.'? NiO and aMnS have also been examined
theoretically by LCAO calculations, the former
by Yamashita'® and the latter by Bartling,'® but
without success in either case. Switendick!* per-
formed a paramagnetic APW calculation for NiO
and proposed model antiferromagnetic bands to
account for the insulating behavior. Recently,
Wilson has made spin-polarized APW calculations
for the magnetic insulators NiO, MnO, and aMnS."

A few studies have been made for transition-
metal compounds with other crystal structures.
The most complete calculation was done by Mat-
theiss'® for ReO, (which is a good metal) using the
APW and Slater-Koster methods to obtain detailed
agreement with both optical and Fermi-surface
data. The LCAO formalism was also worked out
for ReO, by Honig et al.'” who pointed out the con-
nection with molecular-orbital theory, but per-
formed no numerical calculations. Kahn and Leyen-
decker'® estimated the band structure of semicon-
ducting SrTiO; (perovskite structure) using the
Slater-Koster method, and Tyler and Fry'® have
used the LCAO method to obtain energy bands of
metallic NiS (hexagonal NiAs structure). Finally,
Nebenzahl and Weger?® have attempted to under-
stand the metal-to-insulator transition (corundum-
to-monoclinic structure change) in V,0; in terms
of a model tight-binding energy-band calculation.

Although most of the band calculations mentioned
above are either incomplete, inaccurate, or sim-
ply wrong, at least the APW calculations are ac-
curate to within the approximations necessitated
by the APW method, since that method has been
thoroughly studied by many investigators for a
number of years. This is not true of the tight-
binding method, and, since,it has certain inherent
advantages over other methods, we have made it
our purpose in this calculation to test a more rig-
orous application of the tight-binding method to a
transition-metal compound, and in the process ob-
tain energy band information for perfect VO.

III. EXPERIMENTAL INFORMATION FOR VO

VO has the NaCl structure at room temperature,
but little else seems certain about it. The experi-
mental situation is confusing at present because
of conflicting reports of properties of “pure” VO.

For example, asnoted by Adler,! the conductivities
reported for VO at 100 °K by Kawano et al.? differ
from the conductivity measured by Austin? at the
same temperature by a factor of 10°. Stoichio-
metric VO is defective with a large percentage of
vacancies (about 15%) on both cation and anion sub-
lattices, and, in fact, exactly stoichiometric VO
may be difficult to obtain since compositions in a
wide range from VOg g to VO, are stable.?
Properties of VO appear to vary rapidly with
changing stoichiometry, and conflicting reports
may be due to inaccurate estimates of stiochiom-
etry for the samples used, or even due to dif-
ferent sample preparation techniques. Some in-
vestigations have suggested that VO consists of
mixed phases, either alternating regions of V,0,
and pure vanadium,? or at low temperatures a
mixture of body-centered tetragonal V;0% and a
bee? or body-centered tetragonal phase® of V4Oy;
others® dispute existence of these mixed phases.
There are very striking similarities between
properties of VO and V,0; which make one specu-
late that some of the measurements reported for
VO may be due to samples containing V,0,, per-
haps in filamentary form.

Conductivity measurements made on VO? and
VO, % show sharp metal-to-semiconductor transi-
tions with a jump in conductivity by a factor of 108,
but magnetic susceptibility measurements?' on
VO, showed an antiferromagnetic transition for
samples with x=1.14 and 1. 25 (at 4.6 and 7°K)
but not for x=0.9, 0.97, or 1.06. Conductivity
measurements gave no indication of a semicon-
ductor-to-metal transition for any of the samples:
They were all semiconducting at the temperatures
observed. Later, Warren et al.® reported a dis-
continuity of 10* in conductivity of VO at about the
same temperature as the transition reported by
Morin® (125°K). Current reports®® maintain that
there is no metal-to-semiconductor transition for
stoichiometric VO.

Additional experimental information is discussed
by Adler' and Stringer.® In this paper, the only
experimental information which we have relied
upon is the lattice constant of VO in the NaCl
phase, which we take to be 4. 062 f&, and the fact
that VO shows metallic conductivity above 125 °K.

IV. DETAILS OF CALCULATION
A. Method

In this band calculation we have used a version
of the tight-binding method which is due to Lafon
and Lin.® This version has been shown to be an
accurate method of band calculation even for a
good metal, lithium, provided that (a) all integrals,
including three-center ones, be accurately evalu-
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ated, and (b) all sums over neighbors be carried
to convergence. Usefulness of the method depends
upon the ability to evaluate three-center integrals
and perform sums over neighbors efficiently. If
analytic atomic wave functions in the form of
Slater-type orbitals are used, it is possible to do
three-center integrals by a technique of Gaussian
transformation if a Fourier series expression for
the crystal potential is used.

We have extended the method of Lafon and Lin
to treat d electrons and obtained energy bands for
nickel®? and nickel sulfide.'® Three-center integral
formulas and lattice sums for d electrons are de-
scribed in Ref. 32, while application of the method
to transition-metal compounds is discussed ade-
quately in Ref. 19, so the reader is directed to
those papers for details of the method. For refer-
ence in this paper we present only the basic for-
mulas of the tight-binding method.

For a lattice with a basis, the tight-binding basis
functions are given by the Bloch sum

bnim (E, F, ?¢)= (1/\/]\/') Zv e Ko (B, +7))
x wﬂlm(_f"ﬁv—?i) ’ (1)

where Nisthe number of sites in the crystal and
the summation is carried out over all N of these
sites R,. 7, is the position in the cell at the origin
of the ith type of atom with electronic wave func-
tion ,;,,, where nlm are the usual atomic quantum
numbers. It is convenient to form linear combina-
tions of these ¥,,, which have special transforma-
tion properties under the group of the wave vector
Kk before performing the Bloch sum in Eq. (1). En-
ergy bands are obtained by taking matrix elements
of the one-electron Hamiltonian between these
functions and solving the secular equation

|H,,&) - ES, k)| =0, (2)
where i stands for the labels nim and 7; and
H==-V?: V({¥) .

The overlap, kinetic-energy, and potential-energy
matrix elements are given by

S”(IZ)= g i (F;-7p) e ik R,
SOMATRPICRE NS
T”(g):en?-(?j-?i)Eveii-i,, (3)
X Waim T =V 2| b e By T ),
V”(I'E)ze*"" (Fj -7 Eu eiE- B,

X (zl)n lm(?i) | V(Y‘) I an’ 'm' (§v+ :Ff» .

Do

B. Crystal Potential

While VO does not seem to exhibit the high con-
ductivity of ReO;, possibly because of defect-
limited conductivity, it has been reported to show
metallic conductivity comparable with TiO. If
VO were a good metal, we would expect a neutral-
atom crystal potential, such as the one used for
ReO;, % to be appropriate. It is likely that there
will be some degree of ionicity, but we believe the
correct configuration for VO is closer to the neu-
tral-atom configuration than to the doubly ionized
one. We performed our first calculations for VO
using a neutral atom configuration, but later ob-
tained energy bands for several other configura-
tions, which will be discussed in Sec. V of this
paper. In this section we focus our attention on
the neutral cenfiguration which we believe to be
more nearly correct.

The same method of constructing the crystal
potential has been used for all configurations:

The potential is constructed as a linear combina-
tion of atomic potentials. Since we need only

Fourier coefficients of the crystal potential to ob-
tain three-center integrals, we do not encounter
difficulties with the Madelung potential in the ionic
configurations.'® For the doubly ionized configura-
tion, the atomic potentials are spherically sym-
metric, but even for the neutral case we use a
spherically averaged atomic potential, which
greatly simplifies calculation of Fourier coeffi-
cients. Atomic potentials were constructed using
analytic atomic wave functions given by Clementi®
for vanadium (3d°4s% and oxygen (2p*). Since wave
functions for the ions were not available (O° does
not even exist in free-ion form), these same wave
functions were used for all configurations both to
construct ionic potentials by arbitrarily changing
occupation numbers and to construct tight-binding
basis functions. This fact must be kept in mind
when considering results of band calculations pre-
sented in Sec. V. With Clementi’s analytic atomic
wave functions it is possible to obtain analytic ex-
pressions for the Fourier coefficients of the crys-
tal potential, ** which is a major simplification,
especially for spherically symmetric atomic poten-
tials.

Exchange has been treated by a local potential
approximation, Slater’s p'/® potential.’* To use
this approximation we obtained the crystalline
charge density by summing contributions from the
atomic charges and making a cubic harmonic ex-
pansion of p*/%, In practice we retained only the
spherical term in the expansion and obtained
Fourier coefficients of the exchange potential by
treating it as a muffin-tin potential with muffin-
tin radii chosen as half the nearest-neighbor dis-
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tance. An adjustable parameter » was introduced
when constructing matrix elements.

C. Basis Functions

In constructing the tight-binding basis functions
given by Eq. (1) we have used the atomic wave
functions from a calculation given by Clementi®
for vanadium (3d°4s?) and oxygen (2p*). The full
set of Slater-type-orbital (STO) basis functions
used for the atomic variational calculations were
used in the expansion of atomic wave functions
for this calculation. An earlier study® used only
a limited STO basis set and adjusted parameters
variationally. In this calculation we initially tried
linear combinations of these STO basis functions
to represent only vanadium 3d and 4s and oxygen
2p orbitals and obtained matrix elements for Eq.
(2) accordingly. Results presented below prompted
us to include the entire valence and core orbitals
of vanadium (1s, 2s, 3s, 4s, 2p, 3p, 3d) and
oxygen (1s, 2s, 2p). In principle we could use
the entire STO basis set of Clementi for the tight-
binding calculation instead of these linear com-
binations to obtain better results at the expense
of a larger determinant. Probably the addition of
plane-wave basis states would be a better invest-
ment.

D. Integrals

Since this tight-binding calculation is more rig-
orous than other ones which have been attempted
for transition-metal compounds, we believe it
worthwhile to present some of the results for in-
tegrals used in the matrix elements. These are
useful as guidelines for estimating integrals in
other transition-metal compounds.

The crystal potential V(¥) appearing in Eq. (3)
is expressed as a Fourier series in the reciprocal
lattice, so there are in fact two sums which must
be done for potential-energy matrix elements.

TABLE I. Crystal-field integrals for neutral VO
potential. Energies measured in Rydbergs.

Hartree-Fock Potential Exchange
atomic energy +KE
(Ry) (Ry) (Ry)

1s-1s(V) - 403.004
2s5-25(V) — 47,7485
3s-3s(V) - 6.366 26
2py=2p(V) —40.0441
1s-15(0) —41.3864
3p-3px (V) —-0.66111 —3.0408
3dw-3dxy(V) 1.9921 - 2.386 87
3d,2-y2-3dy2-,2(V) 1.9340 —2.4687
4s-4s5(V) -0.73614 -0.85674
2s5-2s(0) —-0.45890 ~1.940
2p,~2p,(0) —-0.3096

Both of the sums were carried to enough terms to
yield at least 0. 01-Ry accuracy in the energy
bands. For some basis functions this required
summing a large number of terms. The sum on
the reciprocal-lattice vectors was carried to 28
neighbors for p and d functions and 53 neighbors
for s functions. For deep core functions, con-
vergence of the reciprocal sum was poor, espe-
cially for the crystal-field integrals, which occur
when the two orbitals in the integral are at the
same site. In this case a straightforward sum-
ming of the Fourier series was not feasible for
the deep core functions, and it was necessary to
replace crystal-field integrals by the atomic Har-
tree-Fock energies. Since there is almost no
overlap between these deep core states, we esti-
mate that this introduces negligible errors.

In Tables I-IV we present some of the tight-
binding integrals for a neutral atom crystal poten-
tial with configuration V(3d*4s!) and O(2p*), which
is not the configuration for which our atomic basis
functions were generated, but is what we believe
to more accurately reflect the solid-state config-
uration (cf. nickel potential of Ref, 32). Table I
lists the crystal-field integrals used for all the
basis functions in this calculation. Table II lists
vanadium 3d-3d integrals out to fourth neighbors
in the direct lattice, Table III gives oxygen 2p-2p
integrals to fourth neighbors, and Table IV shows
vanadium 4s-4s integrals out to 32 neighbors. In
each of these tables only the independent integrals
are listed. Others may be obtained by applying
operations of the cubic group.® All direct lattice
sums in this calculation were carried to at least
eight neighbors, although it was necessary to in-
clude the first 32 neighbors for 4s-4s matrix ele-
ments. The four neighbors shown in Tables II
and III are adequate for an accuracy of about 0. 01
Ry in energy eigenvalues.

E. Core Effects

Energy bands were first obtained for d basis
functions only, using the neutral atom potential
described above with exchange parameter A=1,
with results shown in Fig. 1(a), which are typical
of fcc d bands except that the bandwidth is rather
large, 9.7eV. When vanadium 4s and oxygen 2p
orbitals were included, energy bands shown in
Fig. 1(b) were obtained. The vanadium 4s A, band
starts at - 2. 14 Ry, would rise through the d bands,
were it not for hybridization, to a maximum along
the A axis, and fallsback to — 2, 37 Ry at the point
X. The level labeled X;, which appears in Fig.
1(b) is primarily d-like, and the 2p bands lie be-
low at —1. 59 Ry with a width of about 1 eV. In
view of this unusual s-band behavior, we decided



476 T. E. NORWOOD AND J. L. FRY 2
TABLE II. Three-center integrals of the type 3d-3d on vanadium. Energies measured in Rydbergs.
Integral Neighbor Potential + KE Exchange Overlap
®Ry) (Ry)
XY, Xy 110 —-0.013533 —0.018 263 0.028 805
X2, %2 110 0.014 814 0.0055322 —0.11041
V2, %2 110 0.022171 0.010 374 —0.017641
x2-y?, 5%y’ 110 0.054771 0.032921 —0.286 83
32272, 3z%-1* 110 —0.014825 -0.145172 0.14001
xy, 22%-7* 110 0.005007 3 0.010 396 -0.128 20
XY, %y 002 0.000 8587 —0.000416 4 0.0007628
X2, X2 002 0.056 684 0.0035288 —0.0047653
2%y, xl-y? 002 -0.0016500 —0.000825 2 0.76283
3z%-12, 32%-1° 002 —0.016 694 ~0.011154 0.008 6867
Y, %y 112 —0.0001643 —0.000027 4 0.000 070 08
X2,%2 112 —0.0006314 —0.000 2646 0.000 4947
x9,%2 112 —0.0003091 —0.000156 9 0.000 2831
V2, %2 112 —0.0018143 —0.0009518 0.001 2314
x2-9?, x%-y? 112 0.000 5365 0.000 337 4 —0.000 293 2
3z%-92, 32242 112 —~0.000 044 5 0.0001120 -0.000 090 4
xy, 32%-72 112 ~0.0013379 —0.0008810 0.000 8853
vz, 32%-7* 112 —~0.0016076 —0.0009911 0.0010024
%2, 3z2-7* 112 0.000 776 2 0.000 4628 —0.0004435
XY, %y 220 —0.0015149 ~0.0006727 0.000 7453
X2,%2 220 0.0001228 0.000107 9 —0.0001577
VZ,%2 220 0.0001935 0.0001388 ~0.0001958
x2-9?, x%-p? 220 0.000 443 9 0.000 3498 —0.0003535
32212, 3z°12 220 —~0.0006258 —0.000 3070 0.000 2738
xy, 3227 220 0.000 919 4 0.000 4428 —0.0004083

it was necessary to add additional core functions
to the basis, since it appeared that the 4s level

was converging to one of the core levels.

Figure

2 shows the result of adding all core orbitals ex-
cept for oxygen 1s and 2s. Now the 4s-X; level
lies well above the Fermi energy and d bands, and
s=-d hybridization similar to that found in nickel

is observed. Vanadium-vanadium interactions
have a pronounced effect at the point X, but not

I'. Finally we included the full core of both vana-
dium and oxygen and discovered that the 4s A,
band was lifted completely above the d bands by

interaction with the core levels. The largest ef-
fect of oxygen s levels on the vanadium 4s band
occurs at I, with only a small shift occurring at
X just enough to remove the dip visible in the
highest A; band near X in Fig. 2. The d bands
now lie in a gap between the vanadium 4s and oxy-
gen 2p bands, as shown in Fig. 3.

The effects of core functions which have been
demonstrated in Figs. 1-3 are quite large, indeed,
much larger than might have been anticipated.
Not even the relative positions of VO bands are
given correctly without including at least the vana-

TABLE III. Three-center integrals of the type 2p-2p on oxygen. Energies measured in Rydbergs.
Integral Neighbor Potential +KE Exchange Overlap
(Ry) (Ry)

2P, 2D, 110 0.020731 0.015933 -0.,020321
2p, 2D, 110 -0.017555 -0.0092185 0.012889
2py 2Dy 110 0.051 565 0.031 263 -0.033211
2Py 2Dy 002 -0.0025728 -0.0012367 0.0015517
2p, 2D, 002 0.019164 0.011193 -0.0095615
2Dy 2Dy 112 - 0.000169 94 0.000080 54 -0.0001403
2Py 2, 112 0.0016397 0.001 346 2 -0.001 5002
2Dy 2Py 112 0.000 46009 0.0003718 -0.0004533
2py 2D, 112 0.0010286 0.000 7598 -0.000906 6
2D 2Dy 220 0.000 30285 0.000 2958 —0.0003275
2p, 2D, 220 —0.000153 90 -~0.00006415 0.00008174
2py 2Dy 220 0.000514 99 0.000 3836 -0,0004093
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TABLE IV. Three-center integrals of the type 4s-4s on vanadium.
Neighbor Potential + KE Exchange Overlap
(Ry) (Ry)
110 -0.520 91 -0.33517 0.455 95
002 -0.33492 -0.193 96 0.23305
112 -0.19270 —-0.10488 0.12211
220 -0.11210 -0.058653 0.066 344
310 —0.064740 -0.033453 0.037 266
222 -0.038 270 -0.019375 0.021 560
321 -0.023 260 -0.011616 0.012 807
004 -0.014 292 -0.0070803 0.0077897
114 -0.0089598 —0.0044028 0.004 8412
330 -0.0090094 —-0.0044136 0.004 841 2
420 —-0.0057236 -0.0028033 0.0030685
332 -0.0037135 -0.0018078 0.001 980 4
224 -0.0024475 -0.0011869 0.0012995
431 -0.0016399 -0.0007928 0.0008659
510 -0.0016381 -0.0007935 0.000865 9
521 —0.0007623 —0.000 3675 0.000400 8
440 -0.0005298 ~0.000 2546 0.000 2778
334 -0.0003713 —-0.0001784 0.0001947
530 -0.0003717 —-0.0001786 0.0001947
442 —0.000 2635 -0.0001265 0.0001379
006 —0.000263 2 -0.000126 5 0.0001379
532 -0.0001888 —-0.000090 5 0.000098 6
116 -0.0001884 -0.0000905 0.0000986
026 —-0.000136 2 -0.0000653 0.000071 2
541 -0.0000993 —0.0000476 0.0000518
226 -0.0000727 —-0.0000349 0.0000380
631 -0.0000538 -0.0000258 0.0000280
444 —0.0000400 -0.0000192 0.000020 9
710 -0.0000300 -0.0000144 0.0000156
543 -0.0000300 -0,0000143 0.0000156
550 -0.0000300 -0.0000143 0.0000156
640 -0.,0000226 -0.,0000108 0.0000118
02 dium 3s and oxygen 2s core basis functions, and
an accurate calculation must include most of the
& OOf y core. The only alternative is to orthogonalize to
© the core states of the crystal Hamiltonian. But
‘§ these states must also be accurately known or
z convergence difficulties may still occur, and even
= if they are known, an orthogonalized tight-binding
% function cannot be handled by the procedures used
g here. We conclude that core states must either
w be included in the variational calculation or be
handled with great caution in transition-metal
compounds, This behavior is probably not limited
to transition-metal compounds, although it may be

FIG. 1. (a) 3d energy bands for VO using neutral
atoms and including only d basis functions. (b) Same
as (a), but including 4s vanadium and 2p oxygen basis
functions. Although 4s and 3d A; bands mix, the lower
one is primarily 4s.

more pronounced there because of presence of d
bands. We believe that convergence difficulties
encountered in the application of the combined
tight-binding and orthogonalized-plane-wave method
used in alkali halides can be traced to inadequate
treatment of the tight-binding portion of the calcu-
lation, both valence and core parts,3®
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FIG. 2. Same as Fig. 1, but now including all core
and valence basis functions except 1s and 2s oxygen.
Energy is measured in Rydbergs.

V. ENERGY BANDS

A. Neutral Configurations

Energy bands obtained from the neutral-atom
configuration V(3d *4s') and O(2p*) using all core
and valence electrons from both vanadium and
oxygen are given in Fig. 3. The exchange poten-
tial described above was used with the parameter
A=1, corresponding to the usual Slater exchange.
A value of A=0. 85 was also tried, but discarded
when it gave a positive Fermi energy. Only bands
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FIG. 4. Density of states for VO energy bands of
Fig. 3.

in the vicinity of the Fermi energy, -0.283 Ry,
are shown in Fig. 3. These arise primarily from
the 3d levels of vanadium. For example, at the
maximum of the A; band the wave function is 30%
s and 10% p, the rest being 3d; at the maximum of
the A5 band the wave function is about 15% p and
85% 3d. A band arising from the 4s level of vana-
dium appears in the vicinity of I' but quickly
rises above the 3d bands. The oxygen 2p band
lies at ~1.56 Ry at I" and has a width of about
2.6 eV. The maximum width of the d bands is
about 7.3 eV, the minimum occurring at X, and
the maximum halfway along the upper @ band
between Wand L. Since energy bands along the A
axis lie substantially lower than those along other
symmetry axes, the Fermi level lies above both
T'y; and T'y; although there are only three 3d elec-
trons per cation according to this calculation. The
Fermi surface is seen to be fairly complicated.
The density of states for energy bands shown
in Fig. 4 was calculated using a sample of 505
points in ‘;71; of the Brillouin zone and an energy
grid of 0. 008 Ry. The broad peak at higher en-
ergies corresponds to the 4s band, which begins
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about - 0.16 Ry. The sharp peak occurring at

the Fermi energy may easily be traced to the very
flat A, and Z, bands, which seem to be character-
istic of fcc 3d transition metals or transition-
metal compounds. A strong peak occurring in the
density of states at the Fermi energy suggests
that this paramagnetic band structure may satisfy
a criterion for ferromagnetism.?” On the other
hand, with slightly more crystal-field splitting

of the I'j, and I'’;5 levels this density of states
would exhibit two strong peaks with the Fermi
energy falling in a minimum between them, in
which case antiferromagnetism might be favored.3®

We have also computed the band structure for
another neutral configuration V(3d%4s?) O(2p%),
which is the one belonging to our basis functions.
The Fermi energy in this case was —1.15 Ry,
which was slightly above the d levels at I'. The
order of all d levels remained the same through-
out the zone, and the 4s band appeared at the same
energy as in the previous calculation, so that s
and d levels were more separated.

For both neutral configuration potentials the
apparent configuration obtained after the calcula-
tion for the solid was V(3d°4s% O(2p®), which cor-
responds to doubly ionized atoms. We therefore
decided to recompute the band structure with
ionized atoms.

B. Ionic Configurations

When computing three-center integrals with the
Fourier series expression for the crystal poten-
tial we stored all integrals of e *® on magnetic
tape for future use in a self-consistent calculation.
If basis functions are kept the same at each step
in a self-consistent calculation, only the Fourier
coefficients of the crystal potential need be recal-
culated. The basic integrals are computed only
once (a very time consuming process) and summed
with the new Fourier coefficients each time. Al-
though we have not yet developed computer routines
for an iterative self-consistent procedure, we
have been able to generate band structures rapidly
for several different starting configurations in
this way. Thus, using the same basis functions
as for the neutral atom, we have computed band
structures based on doubly ionized and partially
ionized configurations.

Energy bands for the doubly ionized configura-
tion are shown in Fig. 5 along the A and Z axes.
The characteristically flat A, and Z, bands are
present, but the 2p bands now fall above®® the 3d
bands, while the 4s band is well out of the picture
above. The d bands now contain nine electrons
and the apparent configuration is V(3d°) O(2p%). By
adjusting the exchange potential coefficient X to a
value of 2, we were able to move the d bands rela-

tive to the p bands, but in that case the Fermi en-
ergy turned out positive. For x=1 the d band-
width is about 9 eV. Clearly these results, where
we assumed six 2p electrons and got none, are even
more inconsistent than were the neutral atom con-
figurations where we assumed four 2p electrons
and got six.

To obtain some idea of the sensitivity of rela-
tive positions of s, p, and d bands in VO we com-
puted the band structure for one more ionic con-
figuration: V(34°%°%4s%0(2p°"), in which we esti-
mated in advance the p bands should fall just above
the d bands. This was in fact the case, with the
T'j5 p level falling just above the TI'j, d level. Strong
mixing occurred between p and d bands for this
band structure, and it was difficult to make ac-
curate assignments of relative positions of p and
d bands. Pronounced effects were observed for
the A; and A; bands which interact strongly when
p and d bands are brought together by charge
transfer: There is a bulging apart of these bands
along the A axis. By examining eigenvectors we
estimate that the p bands still lie mainly above
the d bands.

C. Discussion

The band structures presented above demon-
strate that relative positions of s, p, and 4 levels
in VO are strongly dependent upon the choice of
crystalline potential. In every case, however, the
4s band lies above the 34 and 2p bands. Compari-
son of effective configurations of the bands sug-
gests that a potential constructed from neutral
atoms is probably closer to the self-consistent
result than is a doubly ionized version, but the
question can only be resolved by a fully self-con-
sistent calculation. It is difficult to make direct
comparisons of atomic configurations and effective
configurations for the solid due to overlap effects.

FIG. 5. Energy bands of VO using a potential con-
structed from doubly ionized atoms. Energy in Rydbergs.
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This was demonstrated® for TiO where a singly
ionized set of atomic potentials gave a filled oxy-
gen 2p band in the crystal, instead of partially
filled, but the charge densities calculated inside
the oxygen APW spheres showed close agreement,
indicating at least some degree of self-consistency.
However, it is probably not accurate to rely sim-
ply upon approximate agreement of initial and final
charge densities until a self-consistent calculation
is performed to demonstrate conclusively how sen-
sitive the band structure is to small changes in
charge density.

There have been no other band calculations for
VO, but there have been three studies of TiO men-
tioned in Sec. II of this paper. Since Tiand V are
adjacent in the Periodic Table, we expect that
there should be similarities in the band structures
of TiO and VO. This is evidently the case if we
assume the same ionicity for both. For an ionicity
of one or less we obtain band structures very
similar to the two APW calculations®'? reported
for TiO.

The band structures exhibit bandwidths whichare
similar. The 3d bandwidth is about 9 eV for TiO
(singly ionized) compared with about 7 eV for VO
(neutral), and the relative positions of s, p, and
d bands are the same, although separations are
different. Ern and Switendick® report a gap at X
of about 0.2 Ry between 2p and 3d bands, while
we obtain 0.9 Ry. However, we estimate 0.2 Ry
would be obtained for a singly ionized configura-
tion. Differences in crystal-field splitting of the
d levels may also be accounted for by ionicity,
but the 3d-4s gap at I" cannot be explained in this
manner. Qur doubly ionized configuration shows
an increase in this gap with increasing ionicity.
While this difference may be a real one between

band structures of TiO and VO, it could also be
due to the fact that we have included an insufficient
number of basis functions for the higher conduc-
tion bands and should add 3s oxygen and 4p vana-
dium functions or plane waves to our basis set.
These could cause important changes (lowering)
of the 4s band, but probably would not alter the
3d bands appreciably.

VI. CONCLUSION

We have obtained band structures of VO for
several atomic configurations, with results com-
parable to energy bands of TiO. Our principal
conclusions are the following: (a) It is feasible to
perform tight-binding calculations for a transition-
metal compound using all core and valence elec-
tron orbitals; (b) core effects are important in
first-principles tight-binding calculations; (c) 3d
bands in VO lie below the 4s band, so that con-
ductivity in VO is due primarily to d electrons;

(d) the 3d bandwidth of VO is about the same as
TiO for the same ionicity; (e) energy bands in
VO are very sensitive to the degree of ionicity
assumed, so that either experimental data should
be used to determine the correct ionicity, or the
band calculations must be done self-consistently
for reliable results; (f) the density of states at
the Fermi energy is very large, suggesting that
VO might exhibit some sort of magnetism.

ACKNOWLEDGMENTS

The authors would like to thank Professor N,
Kestner for providing them with a computer pro-
gram to evaluate two-center kinetic-energy inte-
grals. J. Callaway and H. M. Zhang provided
many useful comments, and J. M. Tyler assisted
with many of the difficulties of this calculation.

"Work supported by the U. S. Air Force Office of
Scientific Research under Grant No. AFOSR 68-1565.

*National Science Foundation trainee.

'D. Adler, in Solid State Physics, edited by F. Seitz,
D. Turnbull, and H. Ehrenreich (Academic, New York,
1968), Vol. 21, p. 1.

2J. B. Goodenough, Magnetism and the Chemical Bond
(Wiley, New York, 1963).

37, L. Loucks, Augmented Plane Wave Method (Ben-
jamin, New York, 1967).

43. Callaway, Enevgy Band Theory (Academic, New
York, 1964).

E. E. Lafon and C. C. Lin, Phys. Rev. 152, 579
(1966).

6V, Ern and A. C. Switendick, Phys. Rev. 137, A1927
(1965).

"H. Bilz, Z. Physik 153, 338 (1958).

8P, Costa and R. R. Conte, Nucl. Met. 10, 4 (1964).

9J. C. Slater and G. F. Koster, Phys. Rev. 94, 1498

(1954).

03, Yamashita, J. Phys. Soc. Japan 18, 1010 (1963).

3, M. Schoen, Phys. Rev. 184, 858 (1969).

123, M. Schoen and S. P. Denker, Phys. Rev. 184,
864 (1969).

35, Q. Bartling, Ph.D. thesis, University of Cali-
fornia, Riverside, 1969 (unpublished).

147, C. Switendick, MIT, Quarterly Progress Report
No. 49, 1963 (unpublished).

150, M. Wilson, J. Appl. Phys. 40, 1588 (1969); In-
tern. J. Quantum Chem. IIIS, 757 (1970).

181,, F. Mattheiss, Phys. Rev. 181, 987 (1969).

1"y, M. Honig, J. O. Dimmock, and W. H. Kleiner,
J. Chem. Phys. 50, 5232 (1969).

18A, H. Kahn and A. J. Leyendecker, Phys. Rev.
135, A1321 (1964).

193, M. Tyler and J. L. Fry, Phys. Rev. B1,
(1970).

27, Nebenzahl and M. Weger, Phys. Rev. 184, 936 (1969).



2 ENERGY BANDS OF VO 481

15, Kawano, K. Kosuge, and S. Kachi, J. Phys. Soc.
Japan 21, 2744 (1966).

21, G. Austin, Phil. Mag. 7, 961 (1962).

233, Westmann and C. Nordmark, Acta Chem. Scand.
14, 465 (1960).

243, M. Ariya and M. V. Golomolzina, Fiz. Tverd.
Tela 4, 2921 (1962) [Soviet Phys. Solid State 4, 2124
(1963)].

%W, Klemm and L. Grimm, Z. Anorg. Allgem.
Chem. 250, 42 (1940).

%M. A. Gurevich and B. F. Ormont, Zh. Neorgan.
Khim. 2, 2581 (1957).

2p, V. Geld, S. I. Alyamovskii, and I. I. Matveenko,
Zh. Struet. Kheim. 2, 301 (1961).

BF, J. Morin, Phys. Rev. Letters 3, 34 (1959).

®W. W. Warren, G. A. Miranda, and W. G. Clark,
Bull. Am. Phys. Soc. 12, 1117 (1967).

303, B. Goodenough (private communication).

313, Stringer, J. Less Common Metals 8, 1 (1965).

323, M. Tyler, T. E. Norwood, and J. L. Fry, Phys.
Rev. B 1, 297 (1970).

BE. Clementi, Tables of Atomic Wave Functions
(IBM Corp., San Jose, 1965).

33, C. Slater, Phys. Rev. 81, 385 (1951); see also
J. C. Slater, T. M. Wilson, and J. H. Wood, ibid. 179,
28 (1969).

$Since these integrals are two-center integrals, they
may be done without difficulty for the neutral atom po-
tentials using a real space representation of the poten-
tial; in fact, exactly for our potential. This has been
done for nickel, and the approximation has been proved
valid. For a self-consistent calculation involving some
degree of ionicity the Fourier series is needed, and
methods have now been devised to accelerate convergence
of the series for crystal-field integrals.

%6A. B. Kunz, Phys. Rev. 180, 934 (1969).

%13, Callaway and H. M. Zhang, Phys. Rev. B 1, 305
(1970).

383, Yamashita, S. Asano, and S. Wakoh, J. Appl.
Phys. 39, 1274 (1968); see also Ref. 2.

A similar result was obtained for paramagnetic NiO.
See Ref. 14.

PHYSICAL REVIEW B VOLUME 2, NUMBER 2 15 JULY 1970
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We have studied the three paraelectric defect systems KC1: Li*, RbCl: Ag*, and NaCl: OH~
through the temperature dependence and electric field dependence of their far-infrared absorp-
tion spectra. It is found that the motional energy states for the defects in these three systems
have many properties in common. In each case the impurity ion has an associated electric
dipole moment and low-lying tunneling energy levels. The defects also have higher energy
levels which can be attributed, at least in part, to c. m. resonant-mode motion. The KCI: Li*
tunneling levels are found to be well described by the model of Gomez, Bowen, and Krumhansl,
assuming a Li* dipole moment of 1.14 +0.05 eA for both Li® and Li’. The most surprising fea-
ture of the KCl: Li* higher-lying energy levels is that they show a negative isotope shift
[i.e., ®(Li®%<®(Li"]. The three observed absorption lines in RbCl: Ag*, as well as their de-
pendence on an external electric field, are shown to be consistent with a [110] off-center posi-
tion for the Ag* ions. The far-infrared absorption spectrum of NaCl: OH™ is complicated,
with at least eight absorption lines between 2 and 22 ecm™!, Considerable agreement is
found between the experimental results and a model which incorporates both librational tun-
neling of the OH™ ion and c¢.m. vibrational motion.

I. INTRODUCTION electric impurities in alkali halides, with particu-
lar emphasis on the motional energy states which
can arise from c¢.m. resonant-mode motion. As
will be seen, the far-infrared properties of para-
electric defect systems can be strikingly different
than those of on-center impurities.

Paraelectric defects may be divided into two
classes. Historically, the first class consists of
dipolar diatomic impurities such as OH™ and CN".
In these cases, the impurity molecule has several
equivalent preferred directions of dipolar align-

The first three papers of this series'~? have
been concerned with various properties of lattice
resonant modes of monatomic impurities in alkali
halides. Each defect-lattice system studied in
these earlier works has been confirmed to be of
the on-center type, where the impurity ion sub-
stitutes for a host ion at the normal lattice site.

In this paper, we wish to discuss the properties of
the far-infrared absorption spectra due to para -



