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Electronic structures in VO, using the periodic polarizable point-ion shell model
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Electronic structures in the metallic \@hase above the metal-insulatdl) transition temperature of;
and the insulating phase beloW have been investigated using the combination of the three-dimensional
periodic shell model and the discrete-variatiofiaV)-X« cluster method. Besides the correlation effectdpr
electrons, the Hamiltonian in the insulating phase includes the Anderson’s attractive potential due to the
electron-phonon interactions which stabilize the three-dimensional periodic distributiof*e¢4/ dimers.
The shell model estimates the electron-phonon coupling constant and provides direct theoretical evidence that
the dimers are stable in the low-temperature phase. Th&Xb\¢uster method calculates the electron energies
in [V,050] 72 clusters and the value for the intersite repulsive nearest-neighttbCoulombic interaction
which quantifies the correlation effect fdy electrons. The electron-phonon interaction effect and the corre-
lation effect ford, electrons are found to splkit band into the empty upper and the occupied lower Hubbard
bands and also to result in an obvious energy gap between these bands in the insulating phase. In the metallic
phase, the nonresolvet band overlaps ther* band and they construct a partially filled conduction band.
These calculations explain well the MI transition in Y@nd, in particular, the electron-phonon interaction
assessed by the periodic shell model is an indispensable contribution in the stabilization of the insulating phase.
[S0163-182607)01003-5

. INTRODUCTION tions within V**-V#* dimers® These results indicate that not
only the correlation effect ford, electrons but also the
When temperature decreases, M@dergoes a crystallo- electron-phonon interaction effect participate directly in the
graphic phase transition &,=340 K. The paramagnetic MI transition. Therefore, this material requires more detailed
metal phase abovd@,. has a rutile-type crystal structure, theoretical works which can distinguish the effect of the lat-
while the lattice is distorted to a monoclinic crystal structuretice distortion induced bY th-e electron-phonon Interactions
in the nonmagnetic insulating phase beldw (Refs. 1-3. from that of electron localization so as to clarify the origin of
Thus this phase transition is a metal-insulaidt) transition, ~ the MI transition.

The insulating VQ phase contains the three-dimensional pe- '€ électronic structures in VQvere studied “S"fg vari-
riodic distribution of VV*-v4* dimers formed by the assist of °US Pand calculatiofis™ and cluster calculation’$:™ Re-

. i e -20
electron-phonon interactofsSince VO, conains only & P20Y: 11e SSEeMaTaon Y e S meel
V4 (3dY) electron configuration within the dimers below PP : ystals so estig

: I ) . the electronic structures without the muffin-tin potential ap-
T., the type of optical transition is inevitably an intrapair

o . . ) imati hich i in th Itiple-scatteri -
transition in the insulating phasérhen, the electrons in4/ proximation which is used in the muiltiple-scatteritigS)

i d ite locallv d f th method! and so on. The primary aim in the present
lons are expected to excite locally from a ground state oft ‘?eport is to interpret the MI transition theoretically using the

pair to a higher-energy state. Goodendugkplained the Ml method somewhat different from the previous

t_ransition in VG within the framework of a simpl_e crystal- jiterature-1322To this end, the Hamiltonian involving the

field theory based upon the Mott-Hubbard regime. Aboveg|ectron-phonon interactions has to be described properly.

T, the7* band overlaps the half-filled, band. When tem- AndersoR®?*has shown that a cation-cation pairing phe-

perature decreases beldw, 7* rises in energy beyond the nomenon is greatly facilitated through local bond distortion,

Fermi level and becomes empty whereasdhsplits into the  as if a negative effective pairwise interaction is operative on

empty band and the occupied one which should be natrowa bond site. The resultant pair is stabilized by the lattice
The vacuum-ultraviolet photoemission spedit®?S’ on  distortion mainly due to the electron-phonon interaction

VO, showed the disappearance of the states at the Ferreffect® In the insulating VQ phase, one can write in the

level when going from the high temperature to the low-spirit of the Anderson Hamiltonian as follo$?

temperature phase. Sheh al. pointed out that the correlation

effect ford, electrons became more important wtarband

splitted into two b:_:mdéAt temperatures beloW, the O Is H o= 2 €N+ UE. nin; + %CE xﬁ

soft-x-ray-absorption spectra show a clear splitting of about o iZ] 7]

1 eV between the unoccupieldband and7* band above the

Fermi level® This result is in favor of the theory which ex- _ E Z X (N +n;,) (1)

plains the MI transition in terms of localized pairing interac- 2/ T LS
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herei andj are nearest-neighbor sitesjs an atomic energy Il. THEORETICAL PROCEDURES
at theith site, U represents an intersite repulsive nearest-
neighbord-d Coulombic interactiong is a relevant elastic
constant) is an electron-phonon coupling constant between The high-temperature metallic \\(phase has the tetrag-
V** ions on bond sites, an;qj is the change in the spacing onal rutile structure R4,/mnm), each vanadium ion being
between the ions on formation of pairs. Sincandj referto  located at the center of an oxygen octahedron. The rutile
the sites of the cations on bond sité$,; is expected to structure has the following primitive translation vectors:
operate only in the electrons of tlk occupied narrow band . ,

in the insulating phase. The third term in the right-hand side a=aid, b=aj, G=ck, 3

of Eq. (1) is denoted a£p, which represents an increase in wherea,=4.530 A andc, =2.869 A. The subscript refers

the lattice energy due to the local lattice distortion inducedg the rutile structure, anidj, andk are the usual rectangular

by the formation of V*-v** dimers and the fourth term is ynit vectors. Each unit cell contains two'Vions (0, 0, 0

the electron-phonon interaction energy abbreviated byng 11 1y and four 3~ ions (u, u, 0 and so o In par-
Ee.pn- The sum of these two terms is the Anderson’s attracticylar, the high-temperature phase is characterized by chains
tive potential>** i.e., V:[szﬁ'—?\zxij(”m+nj1)]/2- of equidistant V" ions along the rutile, axis.

Whenn;; =1 andn; =1, the V**-v*" pairs are stabilized by  On the other hand, the low-temperature insulating phase
the assist of the electron-phonon interaction and then formas the monoclinic structurd®@,/c). The lattice parameters
dimers. The optimum conditiGh for the Anderson’s attrac- are[a|=5.743 A, |b|=4.517 A, |c|=5.375 A, and8=122.61°

tive potential, i.e.gV/dx;;=0, yieldsV= —\%2c. Then the  \yherea, b, andc are the primitive translation vectors of the
eigenvalue of Eq(1) is expressed as monoclinic structure, ang is the angle betweea andc.?®

To within experimental accuracy, there are the following re-
lations existing between the rutile-type unit cell and the

E=2¢+U— 20 (2 monoclinic one of VQ (Ref. 3:

A. Crystal structure of VO,

)\2

where the second and the third terms in the right-hand side a=2¢;, b=a, c=b—¢. 4

indicate the electron correlation effect and the electronhys the monoclinic structure contains four “yYOmol-

phonon interaction effect, respectively. ~ ecules per unit cell. A striking feature of the monoclinic
~ The most important point in Eq2) is the last term which  phase is the presence of cation-cation pairs alongtaxis,
implies that thed, occupied band, i.e., the lower Hubbard gjternate VV*-v** separations form a zig-zag chain, i.e.,

band, lowers in energy by’/2c. This is consistent with the 31246 A and 2.6541 A, that is, the cation-cation bondings
idea of Mottet al?*?”that the gap between the upper and theform the dimers.

lower Hubbard bands increases by pairing. As shown in Eq. |t should be however noticed that the crystal structure and
(1), the estimate of the magnitude farf/2c requires the the lattice parameters in the insulating phase are the ones
calculation of the change in the lattice energy induced byyptained in the x-ray analyses after the VV*-v** dimers
pairing. The very small lattice distortion around the pairsare formed with the assistance of the electron-phonon inter-
imposes the stringent constraints for the required accuracy ifctions and that the ionic displacement due to these dimers is
making the theoretical estimates. The polarizable point-iofinduced on each ion. The present report intends to investi-
shell model meets surely this requirement because Dienggate into the formation kinetics of the dimers, the relaxation
et al™ constructed this model for the purpose of calculatingyinetics of the lattice, and finally the calculations of the elec-
a change in a lattice energy due to slight ionic displacemenon states in the ensuing crystallographic structure which is
induced by an imperfection in an insulating ionic crystal.the one observed actually in the insulating phase. This im-
Though their shell model is impracticable in YDecause of  plies that the initial ionic distribution transfers to the final
the three-dimensional periodic distribution of “\v one through the formation of dimers and the relaxation pro-
dimers, our previous repdftdeveloped this model to the cesses. Though the final structure is known in the experi-
three-dimensional periodic shell model which can be applieghents, the initial one is unknown. Then the theoretical treat-
to ionic crystals containing three-dimensional distributionsment requires a hypothetical crystal structure in the initial
of imperfections even after relaxation takes place like thestate. To this end, the ionic positions in the initial state of the

H i ~30—33 ; . . K .
TinOz,-1 homologous serie8*° The calculation on the jnsylating phase represented in the unitsaph, andc are
two-dimensional periodic surface structure of NiO rational-35sumed as

izes our periodic shell modéY.The shell model calculations
including the Anderson’s attractive potential have been re- V4. x=x,, y=y,, z=2,,
peated in our previous reports which treat the stability of  o,2-: x=0.25-0.510, y=05-u, z=0.5-u, (5)
small polarons>-38 0.2 Y=025:050 v=10-u z=u

Since the DVXe« cluster method can calculate the ener- no ' A y=LET '
gies of electron statéd;?° the combination of the periodic We have employedi=0.305, i.e., the rutile parameter in
shell model and the cluster method must contain the possWO, (Ref. 1). The ionic positions of other three “V mol-
bility to clarify the origin of the MI transition in V@ from  ecules are identified by the crystallographic treatment pro-
the energetic point of view. Therefore, the calculation usingposed by Anderson.
this combination is of great significance in order to under- When temperature decreases belbw V4" moves from
stand the very important phenomena of }/@articularly the  the position in the rutile structure of the metallic phase
MI transition. mainly due to soft-phonon modes at tRepoint of the primi-
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TABLE I. The parameters of V@employed in the shell model the Born-Mayer and the van der Waals constants will be
calculations: free-ion polarizabilitiea®; electronic polarizabilities  furnished by the authors upon requgst.

o®; average exciting energid;,; and the shell paramete3. When regular arrays of imperfections are formed in a
e - rigid and unpolarized crystal, each ion is displaced so as to
lon o’ (A%) a® (A%) Eex (8V) Q(e) minimize the energy of the crystal, that is, a relaxation takes
VAt 0.123 0.291 130.19 7.691 place. The displacement of an ion results in a dipole moment
o 3.880 2636 8.00 1.978 on that ion. The total energy of the crystak+),, is then
given by
(Er)a=E_+ (Erelava> (6)

tive tetragonal Brillouin zon&® whereas & ions are nearly

fixed even after the phase transition takes place. Therefor(lf\({.":“ret tl?e sulbscnpm indicates the entergt)r/] aftelr th?. relax-
the oxygen positions in E@5) are essentially the ones in the ation takes place, anEreia))a represents the relaxation en-

rutile structure. The initial positions of 4 ions, (Xo, Yo, Zo), ergyl Wh'CThconS'Sgs o\thheI chang('aésgln tZeEMaEEIung, the
in the insulating phase were determined in the foIIowingrepu SIVe, the van der Waals energits,y, , Akg, AEyaw,

way. The relaxation due to the electric field acting on eachand the polar|zat|or_1 energy, (see Refs. 28 and 29

ion and another relaxation due to the electron-phonon inter- Aft_er th‘? relaxation has taken place, the VeCtOg .between
actions displace ¥ ions. Consequently the dimers are lons, i and], changes fronR;; to the effective ondj:

formed and the ¥"-V*" spacings separate into two groups. a . a
The relaxation calculation using the three-dimensional point- RA=R;+ Ll ﬂ, (7
ion shell model® was iterated, by changing the initial posi- PO Qr Q

tions of V** ions, until the final positions yield the experi- where u? and Q; are the dipole moment and the shell pa-
mental separations, i.e., 3.1246 A and 2-6§414'§- In the endgmeter of theth ion. The shell parameters were determined
(Xo, Yo, 20)=(0.2434, 09754, 0.0244The V'"-V*" separa- py the method developed from the theory of Dick and
tion is 2.6697 A in the initial state and 2.6541 A in the final oyerhauséf by Shanker and Gupf:%In this scheme, the
state. . _ total energy Eq), is a function of dipole moments. The
Calculations on the metallic phase were based upon thgqilibrium dipole moments are obtained by minimizing the

rutile structure. If represented in the units of the monoclinicota| energy with respect to the components of individual
translation vectorsa, b, andc, the position of V" is (xo, Yo, dipole moments as follow&-%

z,)=(1/4, 0.0, 0.0, while the oxygen positions are already

indicated in Eq(5). The atomic displacement was not taken A(E1)a
into account in the metallic phase because of the two rea- P
sons;(i) the shell model is applicable only in insulating ionic Hik
crystals?®38 and (ii) the displacement on each atom in the where x5, is thek component of théth dipole moment. A
metallic phase is remarkably small even if the relaxation isunit cell in the insulating phase contains twelve ions, i.e.,

=0, k=X, vy, or z (8)

calculated by the shell model. four V¥ ions and eight & ions. Since the three-
dimensional translation operation yields the same magnitude
B. Shell model and e|ectr0n_phon0n interactions for the dlpOle moment on thih ion in every unit Ce”, the

number of unknowns is3812, i.e., iy, piy, andu;, (i=1-

+ \/4+ i ;
: Though Vv . dimers !nduced by the electron.-pho.non 12) and the matrix technique solves each component of the
interactions stabilize the insulating phdséhe lattice is dipole moment&?

slightly distorted because the ionic interaction modulated by Taking into account of the Anderson's id&%#* the

the periodic distribution of the dimers displaces each iony,, yiianian involving the electron-phonon interaction effect

Then, the specific test in the stability of the insulating IOhaseand the lattice distortion due to this interaction has the form

requires the calculation based upon the three-dimensional P&t Eq. (1) with the eigenvalue in Eq2). The total energy of

riodic polarizable point-ion shell mpdel. A brief description ;o crystal containing ordered arrays of the dimers is given as
on the framework of this model will be given because full

details were published elsewheéfe™ _ _ (E)o=EL + (Ereladb+ Ee.pn: 9)

The lattice energy in a rigid and unpolarized crystal is
given by the sum of the long-range Madelung energywhere the subscriptb indicates the energies after the
(En).,***the short-range repulsive enerdyy), and the van ~ €lectron-phonon interactions are considered and the last
der Waals energ{E, 4,). The Born-Mayer constants and the term, E¢ ,n, represents the electron-phonon interaction en-
van der Waals constants included in the lattice energy werergy corresponding to the fourth term of the right-hand side
obtained using the wave functions, the electronic polarizabilin Eq. (1), i.e.,E¢.;p= —AXx;; . The description on the equi-
ities, o®, and the average exciting energi&s,, of ions cal-  librium equation involving the electron-phonon interactions
culated by the theoretical proceduf&é® which were em- Wwas repeated in our previous literatufés® Each compo-
ployed in our previous reportS-38°0-53The values fora®  nent of the dipole moments can be obtained also by the ma-
andE,, are collected in Table | together with free-ion polar- trix technique. Therefore, the following relations estimate the
izabilities of Pauling* «°, and the shell parameter®, The = magnitudes foa andc:
Born-Mayer constants of the ion pairs involving"Vions
require the modification from those involvingVions based
upon the scaling procedure using the ionic rad{A table of

)\2
— 5 =(EDb—(En)a=Ep+Eepm, (10
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TABLE II. Differences in the Madelung energAEy,;), repulsive energyAEg), van der Waals energy
(AEgw), and polarization energyE(;) before and after electron-phonon interactions are considered. These
differences are denoted by the subscripefb. The increases in the lattice energies due to formation of
dimers,Ep , the electron-phonon interaction energigs,,, the electron-phonon coupling constants between
V** ions, A, and the relevant elastic constants,are also tabulated. Every term is obtained per two, VO
molecules as a function of the parameater

u 0.295 0.300 0.305 0.310 0.315
(AEpm)a_p (€V) -0.13 -0.20 -0.26 -0.29 -0.33
(AER)a_p (V) 0.00 0.00 0.00 -0.01 ~0.01
(AEygwa— (V) 0.00 0.00 0.01 0.01 0.02
(Epa_s (V) 0.08 0.06 0.02 —0.02 ~0.06
Ep (eV) 0.05 0.14 0.23 0.31 0.38
Ee-pn (€V) -0.19 -0.43 ~0.67 ~0.88 ~1.08
X (eVIA) -17.9 —-27.7 -35.2 —40.2 —44.4
c (eVIA?) 1113 1322 1414 1422 1409

The calculations used the DXe calculation program
¢, X5 =(Ereiadb— (Erelada=Ep - (1)) constructed by Satokd '°for MS-DOS personal computers.
. [The source program is provided from the internet
(http://www-cms.phys.s.u-tokyo.ac.Jms/Welcome.htmil]
The DV-Xa method based upon a self-consistent-field
) Hartree-Fock-SlatefHFS) one-electron model and a self-
Based upon the Mott-Hubbard regime, the band gap begonsistent-charge procedtités one of the most useful tech-
tween the upper and the lower Hubbard barflg, is gen-  njques for approximately solving the HFS molecular equa-

N| =

C. Discrete-variational X cluster method

erally defined &2’ tion. In fact, the electronic structures in several ionic
crystal$8-2°were investigated by this method. Since Adachi,

1 A2 Tsukada, and SatoKbreported the details of the computa-

Ee=U—5 (B1+Ba)+ 5, (12 tional treatments of the DWa method with the exchange-

scaling parameter o&v=0.7 for the SlaterXa exchange-

whereU, B;, andB, are the intersite repulsive Coulombic correlation potential, the present calculation has followed

interaction, the upper Hubbard bandwidth and the lower onénem-

respectively. In the insulating phase, the empty and d, The state densities of the clusters are obtained by the

bands belong to the upper Hubbard band, and the occupiéa’erlap of the Gaussian functions with the wide parameter of
narrowd, band is the lower one. ThenU" ’quantifies the 0.1 eV, which are centered on each of the molecular-orbital

degree of the contribution of the correlation effectdoelec- ~ €N€r9y. levels It should be emphasized that the present
trons whereas X2/2c” measures that of the electron-phonon theorc_eUcaI_ treatment can formulate the very s.I|ght Iogal lat-
interaction effect which is involved only in the calculation fice distortion 'ndlfced by the electron-prlonon Interaction us-
relevant to the occupied narrod; band in the insulating N9 the Aderson's attractive potenfiaf and the three-
phase because®V-v4* dimers stabilize the lowed, band.  dimensional periodic shell modé.
Every term in Eq.(12) is calculated by using the DX«
cluster method, except the last one which is to be evaluated lIl. RESULTS AND DISCUSSION
by the shell model. Therefore, the combination of the cluster
method and the shell model is the indispensable means for Table Il tabulates energy terms per two Y@olecules
the energy calculation relevant to the Ml transition in YO calculated by the periodic shell model wher0.305. The

In order to calculate the electronic structures in both theenergy units per two V@molecules are employed because
metallic and the insulating phases using ab initio  every energy was evaluated pef"W** dimer. The sub-
molecular-orbital method, thg/,0,,] 2 clusters were em- script of a—b refers to the energy difference between the
ployed in the calculations. All ions were arranged in thelattice containing the even distribution of*Vions and that
tetragonal phase positions in the metallic phase whereas ttie which V**-v4* dimers are formed. As shown in EQ.0),
ionic positions within the cluster in the insulating phase werethe difference in the total lattice energy-{)._p, is A%/2¢
the ones in the initial structure determined by the periodicand this is also obtained by the specific sum AE() .-y
shell model. These clusters involve 138 electrons and the- (AER), p+ (AEygw)a—bT (Ep)a—b—Ee-pn. The energy
average net charges of vanadium and oxygen ions arerms atu=0.305 in Table Il yields E1),_,=0.44 eV. This
+2.0% and —1.61e, respectively. Furthermore, the numeri- agrees with the value ak%2c which is evaluated by the
cal atomic basis functions, V;st-4p and O; s~2p, were  numerical substitutions of andc in Table II.
used to expand the molecular orbitals. These basis functions As is well known, the electrons on a*V site are stabi-
are the Slater-type orbital basis sets obtained from the sholized by the electron-phonon interactions which draw the
Herman-Skillman progrant. neighboring V** ions to the electron® Then the spacing of
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the V}*-V** pair decreases, that is; in Eq. (1) is negative. X
The stability of V*-V** dimers requires a negative value
for Eq.pn and accordinglyh must be negative. The energy
values in Table Il are surely subject to this requirement. Con-
sequently the periodic shell model provides the direct evi-
dence that ¥"-V*" pairs are stabilized and form the dimers
in the low-temperature insulating phase, that is, this phase is
stable.
Though the calculation employed=0.305, this is the
rutile parameter in the high-temperature metallic phase and
there are no assurances thiat0.305 holds in the insulating
phase. Such a situation demands us to repeat the calculations
as a parametric function af. As shown in Table I, this (a)
parameter was changed from=0.295 to 0.315 at 0.05 in-
crements. This treatment involves the alternation of the ini-
tial ionic positions. The energy terms recalculated with the
new parameters af are also summarized in Table Il and the
stability of the dimers is assured at each value dorThe
results in Table Il indicate that an increaseuwfequires an
increase in the contribution of the electron-phonon interac-
tions because every parameter relevant to the electron-
phonon interactions; i.eEp, |Eepil, [\, andc, increases
with increasingu.
In order to investigate the transformation of the electronic
structure due to the MI transition in \Owe carried out the
DV-Xa cluster calculation. Figures(d) and 1b) show the
structures of théV,0,0] *? clusters which were used in the (b)
calculations for the metallic and the insulating phases, re- ) ,
spectively. In the Mott-Hubbard regime, the energy gap be- FIG. 1. Geometric structur_elsé of the c]ustt_ars used in theXQv-
tween the upper and the lower Hubbard bands is generallf/uster method(a the [V;0,0] ™ cluster in high-temperature me-
formulated by Eq(12). Each term in the right-hand side of allic phase andb) thattz'n.low'temperature 'nsﬁt'ng .phas.e’ where
this equation has been calculated using the cluster method circles representOions and closed ones'v. Allions in the.

. metallic phase are arranged in the tetragonal phase positions, while
and the shell model, and then the_se terms yield thezband 9%4e ionic positions in the initial structure determined by the periodic
Eg. Table I.“ tabulates_ the magnitudes Bf, B, U, A /2(_:’ shell model are employed in the insulating phase.
andEg againstu. As u increases, the electron-phonon inter-
action effect represented ty/2c becomes strong consider-
ably as described just above, while the electron correlation The most important point in the present results is that the
effect quantified byJ weakens. This is due to the fact that an 7* band andd, band overlap at the Fermi level in the high-
increase in the ¥-v** separation in the initial state weak- temperature metallic pha$Eig. 2(a)], but there is obviously
ens thed-d Coulombic repulsive interaction but enhancesan energy gap between the splitebdands, the upper one of
the electron-phonon interactions which require a large valugvhich overlaps ther* band in the low-temperature insulat-
for the change in the 4 -v** separation, i.ex;j in EQ.(1).  ing phase, as shown in Fig(l8). This transformation of the
However, the total value dff and\%2c is nearly constant. band structure is therefore the theoretical direct evidence for
Both of B, and B, do not change so much eventufin-  the MI transition in VQ. It should be emphasized that this
creases. Consequently the band gap is nearly independent@fidence could not be available if the term)#f2c due to
u as shown in Table Ill, i.e. Eg=0.2 eV. Figures @) and the electron-phonon interactions were not included in the
2(b) illustrate the resultant electronic structures in the metalcalculations. Consequently, the theoretical description on the
lic and the insulating phases, which are constructed using thill transition in VO, requires the combination of thab ini-
energy terms in Tables Il and 11l whan=0.305. tio molecular-orbital method and the periodic shell model.

TABLE Ill. Upper Hubbard bandwidth®,, lower Hubbard bandwidth&,, intersite repulsive Coulom-
bic interactionsU, magnitudes foi?/2c which comes from the Anderson’s attractive potential, and band
gaps,E¢ againstu. Every term is in units of eV.

u 0.295 0.300 0.305 0.310 0.315
B, 1.23 1.26 1.29 1.29 1.29
B, 0.63 0.63 0.63 0.63 0.63
U 1.00 0.86 0.73 0.59 0.48
N%2¢ 0.14 0.29 0.44 0.57 0.70
Ec 0.21 0.20 0.21 0.20 0.22
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interpretable in the present calculation.

Despite the disagreement in the band gap, the theoretical
Sr treatment in the present report explains rather well the char-
| . acteristic transformation of théy band causing the Ml tran-
> o band sition. The features in Figs(& and 2b) are in good agree-
| ment with the Goodenough's propo$aln the metallic
— J'"*i.‘iﬁﬁ phase, VQ has the tetragonal rutile structure so that the

fivefold-degeneraté levels are first split into doubly degen-
erateey levels and triply degeneratg, levels. Thee, levels
correspond to the* band because of a strong hybridization

with the po orbitals, and the,, levels are further split into
% thed, and 7* levels by the orthorhombic component of the

(=]

Energy(eV)

|
(4]

tetragonal crystal field. Therefore, the band overlaps the
02 band half-filled d; band at the lowest energies around the Fermi
level as shown in Fig.(@). In the insulating phase, Vi(has
the monaclinic structure and forms the dimers so thatthe
(a) Density of States band rises in energy beyond the Fermi level and become
empty whereas the, band splits into the empty and the
occupied bands as shown in Figh2
Caruthers and Kleinmaf calculated the band gap of
I about 0.6 eV using a parametrized tight-binding LCAO band
> o™ band calculation method on the monoclinic crystal structure. They
employed thep-d andd-d tight-binding parameter&TBP’s)
< d | band and looked for changes in the TBP’s which were consistent
B porm tevel d':l perd with the changes in interatomic distances resulting from the
E MI transition. Then, their resultant band gap is likely to be an
& | empirical one. Sommerst al,'? on the other hand, calcu-
[}
c
w

lated theab initio cluster calculation of the electronid
states in V@, and estimated that the splitting of thglevel
-5 was 0.5 eV. Their result was obtained in a limit of zero
02p band bandwidth so that the band gap cannot be estimated if a
% bandwidth is included in their calculation. Our theoretical
r treatment based upon the combination of the cluster method
and the shell model seems to be making somewhat remark-
able progress.

Furthermore, the relative peak positions of the density of
U=0.305: (a) high-temperature metalic phase an@®) low- states(DOS) of ¢*, 7, andd; bands in the metallic and

temperature insulating phase. The electronic structure of the metélrllSUIatIng phases calculateq in the present r.eport correspond

phase was obtained by the DX cluster method, while that in the Well t0 those of O ¥ absorption spectra obtained by Abbate

insulating phase by the combination of the D\ cluster method €t al’® Both of their experiment and our calculation yield

and the periodic shell model. The occupied bands are shaded. Tt@out 2.7 eV for the energy separation between the DOS

Fermi energy is taken as the standard level. peaks ofc* and 7* bands in the metallic and the insulating
phases.

The band lculated h . ler than that esti In regard to the driving force of the MI transition,

€ band gap caiculated nere IS smafler than that es boodenoug?‘lwas first to emphasize the importance of one
mated by the sum of the energy difference between the Fem%'hortest V-O separation which is characteristic od-@
level and the top of thel, lower band obtained in the UPS

experimentand the energy difference between the bottom Opond n the_ insulating phase. Zylbersztejn_ and NMostig-
the #* band and the Fermi level estimated from the reflec:-gestmj the important role of the" electrons in the M tran-

tance measuremeht,e., 0.7 eV. It is interesting that Paquet sition. According to their idea, the electron correlation effect
and Leroux-Hugo?? é\ls,o estimated;=0.22 eV taking ac- for the d, electrons becomes weak because they are screened

count of both the electron correlation effect and the electronbY the itinerantd electrons in ther* band in the metallic
lattice interactions in their calculations. Their theoreticalPhase. When temperature decreases bdlpwhowever, the
treatment on the electron-lattice interactions is however quit@ybridization between the™ and thep orbitals increases
different from ours. The disagreement in the band gap likenainly because of one shortest V-O separation so thatthe
this suggests that not only the experiments which can medand rises in energy beyond the Fermi level and becomes
sure the band gap directly but also a development of a fairlgmpty. Therefore the correlation energy for theelectrons
better approximation in the cluster calculation method wouldoecomes enhanced and this correlation effect splitsdihe
be necessary so as to understand the behaviors in this mateand into the empty and the occupied bands which should be
rial more properly. However, the origin of opening the gap isnarrow. According to Paquet and Leroux-Hudg@rihe Mott

(b) Density of Sates

FIG. 2. Electronic structures of Vnear the Fermi level when
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transition is the main origin of the MI transition and results means so as to account for the transition phenomenon in VO

in the shortest V-O separation. if combined with the periodic shell model.
Though the#* band destabilized by the shortest V-O
separation must contribute undoubtedly to the MI transition ACKNOWLEDGMENTS

in VO, as described befof#*?"the present study indicates  The authors are very grateful to M. Tsuji and N. Naka-
that thed-d electron correlation effect and the electron- mura for useful discussion and assistance in this project. This
phonon interaction effect operating in thé W** dimers project was supported by a Grand-in-Aid for Science Re-
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