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The electronic structure of the metallic,O; and insulating phases has been investigated using a combina-
tion of the three-dimensional periodic shell model and the discrete-variational gV xluster method.
Besides the effects of intersite repulsive nearest-neighbor electron-eledtin Coulombic interaction and
the spin-spin interaction by means of a generalized Hubbard Hamiltonian, the Hamiltonian in the insulating
phase includes Anderson’s attractive potential due to the electron-phonon interaction. The shell model esti-
mates the electron-phonon coupling constants, and provides direct theoretical evidence that the electron-
phonon interaction stabilizes the three dimensional periodic distributior?d£Tii®" pairs along the axis of
the corundum structure. The DXe cluster method calculates the electron energies i Tigg] 12 cluster,
the values for the intersite repulsive nearest-neightbat interaction, and the spin-spin interaction. The
electron correlation effect and the spin correlation effect are found to be mainly responsible for the broad
crossover between a metallic and an insulating state j@Jialthough there is some contribution from the
electron-phonon interaction. The present calculation describes the characteristic transition phenomenon in this
material.[S0163-18207)07744-§

l. INTRODUCTION vious theoretical trial®=?° Although the electron-phonon
interaction effect looks not so strong in,O; compared with
Unlike the clear cut metal-insulataiMl) transition in  VO,,?? the low-frequencyA,4 vibration mode in TjO; re-

VO,, titanium sesquioxide FO; exhibits a broad crossover quires that this effect is also to be included in the band cal-
between a metallic and an insulating state arouhd culation.
=450 K,! which is also an MI transition. BeloW, Ti,O; Castellani, Feinberg, and Rannintfedeveloped a Green-
indicates the presence of a finite energy gapbetween the function formalism which includes the electron correlation
occupieda,q band and the unoccupiegj band. In fact, effect, the electron-phonon interaction effect, and the spin
specific-heat studies, conductivity measurements, thermcorrelation effect acting on the diamagnetic units of two ad-
electric measurements, and other experiments yiell jacent 3 electrons. Using this technique, they tried to ac-
=0.1 eV at 300 K28 These experimental results require cal- count for the broad crossover between the metallic and insu-
culations of electronic structures in insulating and metalliclating phases in FD;. Their result indicates that weak
phases, because the transition of the insulating state to ttédectron-phonon interaction induces the decay of the spin
metal should be supported theoretically by band structureorrelation effect, which eventually results in the closing of
Despite extensive experiments over the various properties dhe gap between;, andeg bands. In their theoretical treat-
Ti,0s, 71 however, details of the band structures are stillment, the electron-phonon interaction effect was evaluated
unknown. Goodenough and co-workers tried an explanatioRy the relative relationship between the intrapair hopping
for this transition using a simple crystal-field theory basedintegral, in thec direction, and the interpair hopping integral,
upon the Mott-Hubbard regimé-?! 1t is generally accepted in the basal plane.
that a broad crossover betweeyy, ande] bands at different In our previous study/ ~of Ml transition effects in VG,
points in the Brillouin zone with increasing temperature re-the d-d electron correlation effect and the strong electron-

sults in the transition of FDs, with the resulting disappear- Phonon interaction effect operating on thé " W** pairs
ance of the energy gap &t .*%%° were assessed by using the combination of the three-

Conventional band calculations created no energ)dimenSional periOdiC shell model and the discrete-variational
gap???3although their numerical estimate for thg, band- (DV)- X« cluster method. Particularly, the shell model esti-

width was nearly equal to the experimental value obtained bynated the electron-phonon interaction energies indepen-
angle-resolved ultraviolet-photoemission  spectroscopylently. Consequently, the quantitative analysis for the MI
(ARUPS.1"* According to Zeiger and co-workef$25the  transition in VG has progressed remarkably. In the present
main driving force for the transition phenomenon in@jis  report, then, we applied this treatment to the transition phe-
competition between the electron-electron correlation energgomenon in TjOz.

and the lattice-displacement energy due to formation of sin- As shown in Fig. 1, TiO; has a corundumd-Al,O5)

glet excitons. The theoretical construction of the band strucstructure with a trigonal Bravais latti¢chombohedral, space
ture in TiO5 has to take account of electron correlation andgroupR3c) at all temperatures, and consists of a hexagonal-
spin correlation effects which were not involved in the pre-close-packed oxygen lattice where Tions fill two-thirds of
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an ~——an Anderson’s  Hamiltoniad? including his attractive
potentiaf® in an insulating phase of strongly correlated ox-
— ides like TiOs, is expressed a&
2
® L L = 4 _)\_
E=2e+U~- 5, 1)

=O)
whereg; is an atomic energy at thi¢h site,U represents an
intersite nearest-neighbai-d interaction,c is a relevant
elastic constant, antl is an electron-phonon coupling con-
stant between #f ions on the bond sites. In E@l), “U”
comes from thel-d electron correlation effect and the spin

\C{/O correlation effect, and X2/2c” from the electron-phonon

cr

interaction effect’ Thus the occupied;4 band in the insu-
lating phase lowers in energy by?/2c. This is consistent
with the idea of Goodenough and co-workers that the energy
° gap between the occupierl, band and the unoccupieg]f
band increases by the °TiTi®* pairing in the ¢ axis
direction®=?! The numerical estimate foxr?/2c in Eq. (1)

Py requires the calculation of the change in the lattice energy

induced by the pairing.

FIG. 1. The corundum structure of ;05 with the lattice con- . The very slight Iat;[ice_stjistolrtion in the three_-d?mensional
stants parallel and perpendicular to thexis, cy anday . Closed dlgtrlbutlon of thg 4T pairs _along the aX|§ 'mpos,es
circles are T ions, and open ones?0. stringent constraints on the required accuracy in making the

theoretical estimates of relevant parameters. Our three-
the octahedral intersticé®-3! The hexagonal unit cell con- dimensional periodic shell mod& developed from the shell
sists of a 30-atom basis set made up of six,0§’ molecu-  model originated by Dienest al,®” surely meets such a
lar units. Two T#" ions in a “Ti,05” molecule are located strict requirement, as shown in our study on )3 Since the
at special positions along the threefold axi§@0z; 0,03 DV-Xe« cluster method can calculate the energies of electron
+z] and three & ions are located di,0,3; 0x,%: x,x,3]1.3°  states®*the combination of the periodic shell model and
Thenz andx are the atomic parameters which depend uporthe cluster method must contain the possibility to clarify the
temperature. In the insulating phases at 300 and 390 Kgrigin of the characteristic broad crossover between the me-
(z,x)=(0.3445, 0.3133) and0.3450, 0.3138 Then TyO; tallic and the insulating state in J; from the energetic
contains the three-dimensional periodic distribution ofpoint of view. Therefore, a calculation using this combina-
Ti®*-Ti®* couples paired along the direction. There is an- tion is of great significance in order to understand properly
other TP*-Ti®* couple in the basal plane normal to the the transition phenomenon in;0s.
axis. The ionic spacing of ¥1-Ti®* couples parallel to the

SYENY)

axis is short compared with that in the basal plane. As tem- Il. THEORETICAL PROCEDURE
perature lowers, the short *Ti-Ti* separation along the .
axis decreases, while the long one in the basal plane A. Crystal structure of Ti ;05

increase$®~*'Thus a strong interaction working on the pairs  Ti,O; has a corundum structure, as described in Sec. I.
along thec axis leads to direct bond formation between theChanges in the lattice parameters with increasing tempera-
cations, and plays a crucial role in the transitin. ture are nonlinea®®?® The TF*-Ti®" separation parallel to
Ti®*-Ti*" separations are very sensitive to the stability ofthe ¢ axis increases smoothly from 2.5818 A at 300 K to
the a;; andej bands>® When temperature rises acrdbs,  2.7227 A at 868 K, a 5.5% increase, as the lattice constant
the ¢,y /ay ratio increase$’**wherec,, anday are the lat- ¢, increases from 13.610 to 13.957 A. On the other hand,
tice constants parallel and perpendicular to thaxis. This  the TP*-Ti®* separation in the basal plane decreases over
implies that the partial occupation of tief states with in-  the same temperature interval from 2.9939 to 2.9854 A a
creasing temperature enhances the increase in the, ra- 0.3% decrease, while the unit cell parametgr decreases
tio, reducing the covalency of Ti-Ti®* pairs. Thus there is from 5.1570 to 5.1251 A%3! Therefore, thec,/ay ratio
a correlation between the transition and the covalency of thincreases from 2.6391 to 2.7233, a 3.2% increase. These
Ti**-Ti®* bonds along thec axis. However, there is no changes are consistent with a band-crossing model proposed
change in the crystallographic symmetry even if the insulatby Goodenough and co-workéfs?*for the transition behav-
ing phase transfers to the metallic pha%&! This must be ior in Ti,O5. The present calculation as a parametric function
mainly because of the low-frequendy,, vibration mode of temperature is based upon these experimental lattice pa-
which does not lower the lattice symmetry. At 300 K,  rameters.
involves only this vibration mod& Then the electron- The low point symmetry in B0z induces a monopole
phonon interaction effect induced by this mode is expectedield on every ion. The relaxation due to both the monopole
to play an important role in the stability of the insulating field acting on each ion and the electron-phonon interactions
phase. acting on T#*-Ti®" pairs along the axis displace all of the
As described in our previous paperthe eigenvalue of ions, and then Pi'-Ti®* bonds are formed. This implies that
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TABLE I. The parameters of JO; employed in the shell model Even in a rigid and unpolarized J0; with a lattice en-
calculations: free-ion polarizabilitiea®, electronic polarizabilities ergy ofE, , a relaxation due to monopole fields acting on all
a®, average exciting energiés,,, and shell parametel@. of the ions takes place. The total energy of the crystal,

E1)a, is then given b
lon LAY «RA)  Enew o e ensy
=E_+
Tid* 0.186 0.400 105.87 7.380 (Er)a=Ei+ (Ereiada. @
ozn 3.880 2.405 8.00 1.890 where the subscripa indicates the energy after the relax-

ation due to monopole fields takes place, aBg.)a rep-
resents the relaxation energy which consists of the changes

the initial ionic distribution transfers to the final one. The IN the Madelung, the repulsive, and van der Waals energies,
AEy, AEg, and AEqy, and the polarization energdg,,

lattice parameters in the insulating,O; phase are the ones
b 905 p (see Refs. 27, 36, and B7

in the final structure, which are obtained in x-ray analyses. Furthermore. another relaxation. due to electron-phonon
Then the theoretical treatment requires a hypothetical crystal ’ ' P

B % .3+ . . .
structure in the initial state, which is to be determined in the;]rteera;:itr'ggSlr(;](;%utrﬁ'eatg?:lrg;r C?u%?shglst?ﬁé (;I(l)rrergtlon
following way. The relaxation calculation lésing the three- P ' gy 1
dimensional periodic point-ion shell mqaé? has been it- (E1)o=EL+ (Ereiadot Ee-ph» 3
erated by changing the initial ionic positions, until the final . o )
positions yield the experimental atomic parameters, i.eWhere the subscripb indicates the energies after the
(z,x)=(0.3449, 0.3133) and0.3450, 0.313Bat 300 and electron-phonon interactions are considered, and the last
390 K, respectively. In the end, the atomic parameters in thé€'M, Ec.pn, represents the electron-phonon interaction en-
initial states are Z,x)=(0.3450, 0.3130) and(0.3451, €rgy. The description on the equilibrium equations involving
0.3130 at 300 and 390 K, respectively. Therefore, thethe electron-phonon interactions was repeated in our previ-
Ti3*-Ti® separations parallel to the axis in the initial  OUS literature’®4°-%3In the end, the following relations were

states are 2.586 and 2.593 A at 300 and 390 K. In the fing®btained;” and are used to estimate the magnitudes fand

states, they reduce to 2.581 and 2.590 A. c.
The calculations on the metallic phase at 450 K were 2
based upon experiments, i.ez,X) = (0.3455,0.3127). Simi- — z:(ET)b_(ET)a: —(Ev)ab=Ep+Eepn, (4

lar calculations were carried out at several temperatures in
the metallic phase above 450 K. The atomic displacement
was not taken into account in the metallic phase for two %C;j XiZjZ(ERelaQb—(ERelaQaZED, (5)

reasons{i) the shell model is applicable only in insulating
S27,36,37,45—5

ionic crystal %and (ii) the displacement on each . . . . -
atom in the metallic phase is remarkably small even if theWhe_reXii 1S the_change in the jonic spacing between ians,
relaxation is calculated by the shell model. andj, which is m_duced py the relaxatlon-.process due to the
electron-phonon interactions. The subscaph refers to the
energy difference between the lattices before and after
B. Theoretical methods Ti**—Ti®* couples are paired in the direction by the

o ) ) o electron-phonon interactions. In E®), “ Ep” represents an
The combination of the three-dimensional periodic shellincrease in the lattice energy due to the local lattice distor-
model and the DVXa cluster method is employed. Since ion induced by formation of Pi-Ti3* pairs.
full details of the periodic shell model were published pg5eq upon the Mott-Hubbard regime, the band gap be-

elsewherg***=>only a brief description will be given yeen the upper and lower Hubbard bang, is generally
here. The lattice energy in a rigid and unpolarized crystal igjefined a3

given by the sum of the long-range Madelung energy

(Em).>**® the short-range repulsive energiy), and the A2

van der Waals energyE(qy). The Born-Mayer constants Ec=U—-3(B1+By)+ 20" (6)

and the van der Waals constants included in the lattice en-

ergy calculations were obtained using the wave functions owhereU, B;, andB, are the intersite electron-electron in-
free ions, electronic polarizabilities®, and average exciting teraction including the spin-spin interaction, the upper Hub-
energiesE,,, calculated by the theoretical procedife§?> bard bandwidth, and the lower Hubbard bandwidth respec-
which were employed in our previous repofs®45-5363-66  tively. In the insulating TjO; phase, the unoccupief band
The values ofa® and E, are collected in Table | together belongs to the upper Hubbard band, and the occupigd
with free-ion polarizabilities of Pauliny, «°, and the shell band is the lower one. ThenJ” quantifies the degree of the
parameter®) which were determined by the method devel- contribution of the correlation effects fod electrons,
oped from the theory of Dick and Overhalf¥dpy Shanker ~whereas ‘A?/2c” measures that of the electron-phonon in-
and Gupt&®’° using electronic polarizabilities. The Born- teraction effect which is involved only in the calculation rel-
Mayer constants of the ion pairs involving®Tiions require  evant to the occupied, 4 band in the insulating phase. Every
a modification from those involving i ions based upon term in Eq.(6) is calculated by using the DWa cluster

the scaling procedure using Shannon and Prewitt's ionienethod, except the last one. One should notice that the cal-
radii.”* (A table of the Born-Mayer and van der Waals con- culation in the insulating phase using the cluster method is
stants will be furnished by the authors upon request. also based upon the ionic positions of the initial structure
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z TABLE II. Differences in the Madelung energ\AEy,), repul-
sive energy AER), and van der Waals energp E, ) before and
ﬁ after electron-phonon interactions are considered, and polarization
energy €,) for the insulating TjO; phases at 300 and 390 K.

These differences are denoted by subscripg-df. The increase in
+ the lattice energy due to formation of *tiTi®" pairs, Ep, the

electron-phonon interaction energy.,,, the electron-phonon cou-
pling constant between i ions, \, and the relevant elastic con-
stantc are also tabulated. Every term is obtained peXO¥imol-

| ‘C}// ecule.
__— Y T (AEw  (OEdes  (AEaar (B
x ‘ (K) (eV) (eV) (eV) (eV)

300 —-0.172 0.070 —0.002 0.061

390 —-0.128 0.052 —0.002 0.055

T Ep Ee.ph Y c

(K) (eV) (eV) (eVIA) (eVIA?)
FIG. 2. Geometric structure of the cluster employed in the 300 0.043 —0.069 —144 3988

390 0.023 —0.032 —10.9 6363

DV-Xa cluster method, i.e., theTi,Og] ~*2 cluster which is used in
high-temperature metallic phase and low-temperature insulating

hase, where open circles represefit @ns and closed ones . . .
P P P @dachl, Tsukada, and SatdKoreported the details of the

All ions in the metallic phase are arranged in the special position ;
defined by the atomic parameterandx, while the ionic positions COMPputational treatment of the DX« method, the present

in the initial structure determined by the periodic shell model arec@lculation has followed.
employed in the insulating phase. The ionic motions in the low-
frequencyA, 4 vibration are represented by short arrows. Ill. RESULTS AND DISCUSSION

. L A E t
determined by the shell model. Therefore, the combination nergy parameters

of the cluster method and the shell model is the indispens- Table Il tabulates energy terms pes®% molecule calcu-
able means for the energy calculation relevant to the transiated by the periodic shell model at 300 and 390 K. The
tion phenomenon in TO;. energy units per $0; molecule are employed because every
In order to calculate the electronic structures in both theenergy was evaluated per®*TiTi** pair. As shown in Eq.
metallic and insulating FO; phases using amb initio  (4), the difference in the total lattice energyE)qap, is
molecular-orbital method, théTi,0p] 12 cluster is em- A?/2c, and is also obtained by the specific sum of
ployed, as illustrated in Fig. 2, in which the coordinXteand ~ (AEm)ant (AER)abt (AEvaw)a-bt (Ep)ab—Eepn  (s€€
Y axes perpendicular to theaxis, and theZ axis parallel to  Ref. 27. The energy terms in Table Il yieldEf)a.p
the ¢ direction, are indicated. In the metallic phase, all ions=0.026 and 0.009 eV at 300 and 390 K, respectively. These
were arranged in the special positions defined by the atomiggree with the values of?/2c which are evaluated by nu-
parametersz and x. These clusters involve 128 electrons, merical substitutions ok andc in Table Il. Since the elec-
and the average net charges of titanium and oxygen ions ateons on a Ti* site are stabilized by the electron-phonon
+1.56e and — 1.68, respectively. Furthermore, the numeri- interactions which draw the neighboring®Tiions to the
cal atomic basis functions, Ti;sk-4p and O; Is~2p, were  electrons, the spacing of the3TiTi®" pair decreases, i.e.,
used to expand the molecular orbitals. These basis functiong; <0 for the TPT-Ti®" pair. Thus the stability of the
are the Slater-type orbital basis sets obtained from the shoffi®*-Ti®" pairs requires a negative value fég.pn, accord-
Herman-Skillman program?. ingly, N must be negative becaulg ,n= —\3X;; (see Ref.
The calculations used the DX« calculation program 27). The energy values in Table Il are surely subject to this
constructed by SatoR¥ 3 for MS-DOS (Microsoft Disk  requirement. Consequently the periodic shell model provides
Operation Systein personal computers. The DXe  direct evidence that ¥f-Ti®* pairs are stabilized and form
method, based upon the self-consistent-field Hartree-Foclsinglet excitons in the insulating J@; phase, that is, this
Slater (HFS) one-electron modél and the self-consistent- phase is stable. The magnitudes farin Ti,O; i.e.,
charge procedur® is one of the most useful techniques for —14.4 eV/A at 300 K and-10.9 eV/A at 390 K, are con-
approximately solving the HFS molecular equation. Thissiderably smaller in comparison with that in YOi.e.,
method is the molecular cluster method, using a local one—35.2 eV/A. It is also noteworthy that the magnitude for
electron effective potential to approximate both the electron-\ decreases with increasing temperature.
correlation effect and the spin correlation effect. Then, the In order to investigate the transformation of the electronic
effective SlaterXa exchange-correlation potential is given structure due to the transition in,0;, the DV-Xa cluster
by —3a[3/87p]*3 wherep is the local electron density, calculation was carried out. Figure 2 shows the structure of
and the exchange-scaling parametewas fixed at 0.7 in the the[Ti,Oq] 2 cluster used in the calculation. In the Mott-
present calculation. In fact, electronic structures in severaHubbard regime, the energy gap between the upper and
ionic crystal§®~** were investigated by this method. Since lower Hubbard bands is generally formulated by E@).
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TABLE I1ll. Upper Hubbard bandwidthB,;, lower Hubbard
bandwidthB,, intersited-d interaction energy including the spin- L
spin interactionlJ, the magnitude fok?/2c which comes from the
Anderson’s attractive potential, and band dap, at several tem-
peratures from 300 to 868 K. Every term is in the units of eV.

ego band

a Ig* band

eg”™ band
ajg band

Fermi level

T (K) B, B, u A2/2¢ Es

300 1.820  1.002 1483  0.026  0.098
390 1.810  1.000 1449  0.009  0.053
450 1728 0980 1354

490 1.656 0974 1315 _57—

565 1586  0.934  1.260 %
621 1543 0917  1.230

713 1528 0912  1.220
868 1466 0879  1.173

Energy(eV)

Ozp band

(a) Density of States

Each term on the right-hand side of this equation has been
calculated using the cluster method and the periodic shell
model, and then these terms yield the energy Bap That |

is, opening the gap between the occupéag band and the > eg” band
unoccupiedeg band in the insulating phase is obtained by S o e
taking account of the electron correlation effect and the spin | T ———rde
correlation effect quantified by, and the electron-phonon
interaction effect represented by’/2c. Table Il tabulates
the magnitudes foB,, B,, U, A\?/2c, andEg in the insu-
lating phases, together with those 8¢, B,, andU in the
metallic phases.

ajz g* band

eg™ band

- ajg band

Energy(eV)

|
[

B. Electronic structures 03p band

Figures 8a) and 3b) illustrate the resultant electronic
structures in the metallic phase at 490 K and the insulating
phase at 300 K, which are constructed using the energy pa-
rameters in Tables Il and Ill. The most important point in the
present results is that the upper and lower Hubbard bands
overlap at the Fermi level in the high-temperature me'[allic|_|i
phase, as shown in F_Ig(e;’_i). In the Iow-temperature insulat- insulating phase at 300 K. The electronic structure of the metal
ing phase, as shown in Flg(lﬁ, there is obviously an gnergy phase was obtained by the DX« cluster method, while that in the
gap between the occupiery band and the unoccupieg]  jysylating phase by the combination of the D cluster method
band which overlaps partially ﬂwfg band, where the aster- and the periodic shell model. The occupied bands are shaded. The
isk indicates an antibonding orbital. Therefore this transfor+ermi energy is taken as the standard level.
mation of the band structure provides theoretical direct evi-
dence of the transition phenomenon ind4. Moreover, the ) ) : ) o
estimated magnitude d&.=0.098 eV agrees well with the _electron—'p.honon mteracgc_m effect in,Us is Igss S|gn|f|cant.
experimental result, i.eEq=0.1eV at 300 K26 In VO,, in the origin of the transition p_)h(_anomer_wn if cqmpared Wlt_h
the electron-phonon interaction effect is an indispensabl¢/ Oz but never neglected. This is consistent with the predic-
contribution to the MI transition because the band gap nevetion of Ashekenzai and Chuche?r?l. _
opens if this term is not included in the calculations. As The theoretical treatment in the present paper explains
shown in Table 111)\2/2c=0.026 eV at 300 K and 0.009 ev rather well the characteristic transformation of the electronic
at 390 K which are considerably small in values comparedtructure c_ausing the broad crossover between the ins_ulating
with that in VO,, i.e., 0.44 eV. This fact reconfirms the weak and metallic states. The features in Figs)&and 3b) are in
electron-phonon interaction effect in;0s, as suggested in 900d agreement with the proposal of Goodenough and co-
the pas®? In fact, without the assistance of the electron-WOrkers, i.e., the band-crossing model in,G4. ™" The
phonon interactions, the-d electron correlation effect and crystalline field splits the fivefold-degenerateorbitals into
the spin correlation effect can open the band gap in the in@ Pair of ey orbitals directed toward nearest-neighbot O
sulating phase, yieldin@s=0.072 eV at 300 K, which is, ions, a pair ofej orbitals involved in the bonding between
however, somewhat lower than the experimental value. FurTi®" ions in the basal plane perpendicular to thaxis, and
thermore, Table 11l indicates that the electron-phonon interan a;4 orbital directed between the i-Ti** pairs lying
action effect decays rapidly as temperature rises to the star@long thec axis. Thea,4 band can contain up to two elec-
ing point of the transition. This result implies that the trons per “Ti,O5” molecule and theey band eight electrons.

(b) Density of States

FIG. 3. Electronic structures of Xd; near the Fermi levela)
gh-temperature metallic phase at 490 (6) Low-temperature
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T T T involve a lattice transformation, in which the electron-
7 phonon interaction does not play such an important (ede
Table 1lI). In the transition of TjO;, however, the decrease
10% - : in the correlation effects with increasing temperature plays
] an important role because of the similar temperature depen-
> dence ofU values to that of resistivities as shown in Fig. 4.
= Therefore, present results indicate that the electron correla-
tion effect and the spin correlation effect are mainly respon-
i sible for the characteristic transition in,0s;. To our knowl-
107%F edge, there are no reports in the literature which provide
-1 direct theoretical evidence of this transition.
200400 600 800 The relative positions of the density of statesagf and O
T(K) 2p bands in the metallic and insulating phase ofGii cal-
culated in the present paper are competitive with those ob-
FIG. 4. Resistivities and calculated values as a function of tained by ARUPS studie:!® Both these experiments and
temperature for 50;. our calculation yield 1.0~1.5 eV for the bandwidth of tg
band and the upper edge of the @ Band 3.5—-4.5 eV below
The remaininga’l‘g andeg bands can together hold ten elec- the Fermi level.
trons per molecular unit. In the metallic phase;(5 has a Raman spectrum studids!® observed seven Raman-
rather largecy, /a ratio, so that a thermal excitation of elec- active phonon modes allowed in tiﬁbgd space-group sym-
trons can be enhanced from thg, band to thee] band'®as  metry of the corundum structure for ;05 Two of these
shown in Fig. 8a). In the insulating phase, D; has arather  seven modes belong to the totally symmetric modes gf
small ¢,y /ay ratio, and forms singlet excitons, so that the symmetry, and the remaining five modes belong to the dou-
relative position of the occupiea ; band decreases more in bly degenerate modes Bf, symmetry?l Recently, femtosec-
energy from the unoccupiegf, band which is between the ond time-resolved pump-probe reflection experiments were
a;q and a’{g bands, as illustrated in Fig.(l9. Calculations applied to a study of the transition behavior in,@i, and
were carried out at several temperatures where the latticgetected only a low-frequencyA;; mode at room
parameters are available experimentally. temperaturé?='® In fact, Zeiger and co-worket$ "® pro-
posed the displacive excitation of coherent phonons mecha-
nism, and concluded that the energy gap was modulated ac-
cording to the induced coherent lattice vibration associated
The transition behavior in 05 is definitely different with the low-frequencyA,;; mode. TheA;; modes are
from that of VO,. VO, exhibits a clear cut MI transition, breathing modes with no change in lattice symmetry. The
while a broad crossover transition takes place iyOFi Cas- motions of titanium and oxygen ions in the low-frequency
tellani, Feinberg, and Ranning&ralculated the gap in the A;y; mode are shown in Fig. 2. Goodenough and
density of states and the nearest-neighbor spin correlatioro-workers®-?! suggested that the low-frequendyy mode
function for the T#*-Ti®" pairs along the axis as a function enhances deformation of the polarizabld-&ectron cloud
of the interpair hopping integral in JDs. In their theoretical ~ with increasingcy, /ay, ratio due to a screening effect ofO
treatment, the electron-phonon interaction assessed by thens. As 31 electrons are excited from the occupieg, band
relative relationship between the intrapair hopping integrato the unoccupiedag band with increasing temperature, the
and the interpair hopping integral decays with decreasing thpolarizability of this cloud greatly increases. Finally, a strong
magnitudes for the gap and the spin correlation functionresonant enhancement of the intensity of e mode is
Particularly, their calculation indicates the possibility of a observed? and the energy gap is collapsed, as shown in Fig.
broad crossover in the ftransition due to the3(a). The present results are not inconsistent with the Raman
antiferromagnetic-diamagnetic phase transition which relatespectrum studies.
closely to the spin correlation effect. Zeiger suggested that the collapse of the energy gap was
The general feature obtained in the present study agreéspeded by the thermal excitation of the singlet excitons
with their resul® Figure 4 demonstrates the temperatureaccompanied by local polaronlike distorti&hThis implies
dependence of resistivities in /03 obtained by Morin, to-  that the insulating T0; can be treated as a stable phase
gether with the calculated values which include both the through local lattice distortion induced by formation of
electron correlation effect and the spin correlation effect. InTi®*-Ti®* pairs along the axis due to the electron-phonon
the insulating phase at 300 KJ, is 1.483 eV, but it reduces interaction. The present calculation also indicates that this
to 1.315 eV in the metallic phase at 490 K, and decreasemiteraction is surely one of the indispensable effects which
more to 1.173 eV at 868 K with increasing temperature. Thisstabilize the insulating phase. In order to estimate the nu-
means that,4 and ej bands cross over one another moremerical magnitude of the electron-phonon interaction energy,
deeply in the metallic phase as temperature increases. Age employed a technique similar to that which succeeded in
indicated in our previous pap@fthe clear cut Ml transition accounting for the clear cut Ml transition in 3 although
in VO, is mainly due to the lattice transformation, to which Castellani, Feinberg, and Rannintfensed another sophisti-
the electron-phonon interaction contributes very signifi-cated method. In the present study, the electron correlation
cantly, while the broad crossover transition in@i does not and spin correlation effects in the formation of diamagnetic

|

C. Comparison with other studies
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units on two adjacent ¥ ions in thec direction are found account for the transition phenomenon in@j if combined

to participate directly in the driving force for the character- With the periodic shell model.

istic broad crossover transition in,0s, although there is
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