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ing a vacancy. It turns out that the barrier height
would have to be of the order of 0.38 eV, i.e., 13
times less than the electrostatic interaction ener-
gy between neighboring ions. In reality the Coul-
omb interaction will be effectively screened by
the very polarizable host lattice so that 2V, must
be correspondingly lower in order to remain con-
sistent with the observed displacements.

It is beyond the scope of this Letter to elaborate
on the consequences of this very peculiar situa-
tion. Barrier heights of tenths of electron volts
are typical for superionic conductors; we there-
fore suggest that such a Coulomb-interaction-
imposed order is characteristic of many solid
electrolytes. It is evident that in a system with
strong displacive short-range order, diffusion is
by no means a single-particle process. For an
understanding of the low-frequency and dc con-
ductivity of superionic conductors, models have
to be found which properly account for the con-
stant trend to re-establish the short-range order
during the diffusion of ions,
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%e present a physically simple but general argument that explains the phonon anomalies
and their interrelation to high T s in transition-metal compounds. It is shown. that co-
valent-bond formation due to hybridization of metal d (T&) states and nonmetal p states
near EF leads to a resonancelike increase of the nonloeal dielectric function. This anom-
alous increase of the screening produces the phonon softening and explains the interrela-
tion with the high T s as resulting from a simultaneous increase of the electron-phonon
matrix elements and a decrease in. the phonon energies.

Neutron-scattering studies revealed the exis-
tence of phonon anomalies in superconducting
transition-metal compounds (TMC) like carbides
and nitrides, ' thus establishing an empirical cor-
relation between actual or incipient lattice insta-
bilities and high transition temperatuI es, T,.

While several discussions of this correlation
have been given, ' ' it seems that there exists no
microscopic theory which explains the interdepen-
dence of phonon softening and superconductivity.

We present a semiquantitative analysis based
on a rigorous microscopic theory which, for the
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first time, describes both longitudinal and trans-
verse phonon anoInalies, and in particular ex-
plains their connection with high T, 's. It is shown

that hybridization of metal d (T„) states and non-
metal p states near the Fermi level EF leads to a
resonancelike increase of the nonlocal screening
function & '. By using a simple band model and
the microscopic screening approach, it is demon-
strated for NbC that this anomalous screening
causes phonon sof tening both in longitudinal and
transverse branches. The relation with high T, 's
can only be explained by incorporating nonlocal
p-d screening simultaneously in the electron-pho-
non matrix elements and in the phonon energies
entering the attractive interaction. This again is
verified in a model calculation for NbC. Our the-
ory predicts that disappearance of the resonance-
like p-d screening in the oxides and in TMC sys-
tems with vacancies is due to dehybridization of
nonmetal P states, so that lattice softening and
high T, 's should not be expected. This is indeed
what ha.s been found experimentally. '

The nonlocal screening function &
' is deter-

mined by

where X denotes the proper polarization part and
u the Fourier transform of the Coulomb potential.
In a Wannier or linear combination of atomic or-
bitals representation for the electronic wave func-
tions, the polarizability quite generally is of the
separable form" "

X(@+6,j+6';~)
=+~ AQ + 6)Nss'(%i ~8 s''(Z + 6') (2a)

$$

or in matrix notation

g-= AVA (2b)

In Eq. (2a) 6 and 6' are reciprocal-lattice vec-
tors and the index s stands for the quantum num-
bers of the Wannier functions. A, may be inter-
preted as a form factor for a generalized charge-
density wave. In a metal it is convenient to sepa-
rate out a diagonal (in 6 and 6') part X = —{t,—I)/
U from the polarizability. "'" The inverse dielec-
tric matrix then becomes'

e '=e, '+ve, 'A(N '-A've, 'A) 'A'e, '. (3)

Here N ' may be viewed as the kinetic energy of
the density waves, and V =&'vc, 'A as their Cou-
lomb energy. The solution & ' of Eg. (2) allows
for an explicit inclusion of local-field effects,
which become important whenever electrons with

localized chara, cter participate in the screening. ""
In the local-pseudopotential approxima, tion the

second term in Eq. (3), i.e., the term containing
the local-field corrections, gives the contribution
to the dynamica, l matrix" "

& 8(q) =+,+ '{q)[N '(q) —V(Q}1 '& ' '(q), (4)
$$

where E ' is the force experienced by an ion in di-
rection n due to coupling to the density wave s.

We have put forward the idea that phonon anom-
alies can be related to a resonancelike increase
of the screening matrix (N

' —V) '." Employing
metal {d) on-site interactions in a parameterized
version of the microscopic screening formalism,
Sinha and Harmon were in fact able to reproduce
the anomalies in the longitudinal phonon branches
in NbC. " In this work an important role was as-
signed to the density of d states n, (EF) at the Fer-
mi energy EF. The transverse anomalies, which
are decisive for lattice instabilities, cannot be
attributed to d-d scattering. " In our theory a
high density of states at EF is helpful but not nec-
essary for phonon softening. As shown in the fol-
lowing calculation for NbC, the driving mecha-
nism in our description is the inversion proce-
dure [i.e., the screening matrix {N ' —V), the de-
terminant of which becomes very small at the

anomalous" q vectors]. The density of d metal
and p nonmetal states plays the role of a propor-
tionality constant in the nonlocal screening con-
tribution to the dynamical matrix [Eq. (4)].

A successful phenomenological model for the
phonon dispersion of TMC has been developed by
Weber et al."'" Here the phonon dips are de-
scribed as due to a resonance in second-nearest-
neighbor (snn) shell interactions in the metal sub-
lattice, which are interpreted as d (T~) interac-
tions. The following study shows that the basic
ingredients of this model description, a planar
snn intera. ction in the metal sublattice, produce
the correct phase relations and symmetries also
in microscopic theory. Here, however, it is an
snn interaction between hybridized (P-d) orbitals,
resulting effectively in an nn overlap between
metal (d) and nonmetal (P) wave functions.

Band- structure calculations' of superconduct-
ing carbides like NbC have confirmed x-ray emis-
sion spectra" which show a strong P-d (&~) hy-
bridization near the Fermi level. The hybridiza-
tion can be described in form of a covalent-ionic
bonding with most important contributions coming
from planar (m-type) P-d interactions. We con-
sider a simple band model with the 'P"- and "d"-
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band complexes (I'„and I'„at the I' point) con-
structed out of linear combinations of bonding and
antibonding (d + P), and (d —P), hybrides. A bond-
ing or antibonding hybrid located at R—= 0 is formed
by adding (bonding) or subtracting (antibonding),
for example, a d„, orbital at R = 0 and a P, orbital
at nn position T = (a/2) (100), where a is the lat-
tice constant. Numerical analysis, based on our
model for NbC, then shows that the dominant p-d
contributions to the polarizability come from the
diagonal terms A, N„A,', which are proportional
to the phase factor sin'(q R/2); here s stands for
(R,v), where R is the distance between the two

hybrids in the plane & forming the matrix element
A,. Thus the nn p-d overlap contribution to the
polarizability stems from snn hybrid overlap.
The corresponding contribution to the dynamical
matrix [Eq. (4)j peaks at positions q =2 in re-
duced units. Higher-than- snn hybrid overlap
tends to shift the peaks in (100) and (110) symme-
try directions towards the zone boundary, in
agreement with the experimental phonon disper-
sion.

In our simplified model calculation in NbC, the
P-d polarizability is treated in the nonlocal form
ANA', confining p-d overlap to nn. All other con-
tributions to the polarizability are approximated
in a diagonal form X„with d-d metal and P-p non-
metal overlaps taken into account up to nn in the
fcc sublattice. The P and d orbitals are expressed
in Gaussian expansions of the corresponding Har-
tree-Fock-Slater atomic orbitals. We neglect the
dependence of the polarizability matrix N on the
eigenvectors of the band complex. ' This "bare"
susceptibility in the random phase approximation
recently has been calculated by Gupta and Free-
man for the three bands crossing the Fermi sur-
face, using accurate augmented-plane-wave band-
structure results. " Similar calculations for TaC
have been performed by Klein, Papaconstantopou-
los, and Boyer." The intraband contribution to
N(q) shows maxima at the measured positions of
the phonon anomalies. ' However, the interband
contributions are large and, to some extent, anti-
correlate with the intraband contributions"; i.e.,
they tend to diminish the pronounced maxima.
Furthermore, recent work by Gupta and Free-
man" demonstrates the importance of matrix ele-
ments which again tend to diminish structure in
the polarizability. We evaluate N(q) in the effec-
tive-mass model with the band parameters taken
from the calculations of Schwarz. " It should be
mentioned that about 20%%uo of the total density of
states at EF is P-like. Thus in our theory, con-
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trary to the work of Sinha and Harmon, the screen-
ing matrix (N ' —V) plays the dominant role in
promoting phonon anomalies.

We confine our phonon calculation in NbC to
acoustic modes, which correspond predominantly
to metal-atom vibrations. " In the results of Fig.
1, only the Nb vibrations are considered. Two
parameters enter our calculation in form of a pa-
rametrized, local pseudopotential. " The param-
eters are adjusted so as to best reproduce the
elastic constants yy and t-"44. The overall shape
of the phonon dispersion is determined by d-d and
p-P screening with a scalar response function y™,.
The p-d screening causes the local minima in
both longitudinal and transverse branches. The
strength of the minima is diminished by dehybrid-
ization. It is essential to take the nonlocality of
p-d screening into account; if we put the "local-
field factor" V =0 in the screening matrix (N '
—V) ', the phonon dips vanish on the scale of Fig.
1.

At the anomalous q vectors, the determinant
detl N —Vl has a minimum giving rise to a sharp
increase of the screening. Since det!N '- VI =0
would correspond to a plasmon condition, we can
interpret the softening mechanism as a tendency
of the P-d waves to move collectively. An oscil-
lator coupling between a bare phonon mode
(screened only by e, ') and an actual plasmon
mode can cause a lattice instability. A very ef-
fective coupling would arise, provided an "acous-
tical plasmon mode" exists."With the help of
Eq. (3), it can be shown that due to the local-field
effect the plasmon frequency at q =0 remains fi-
nite and corresponds to the energy required to
make a rigid translation of the localized elec-
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FIG. 1. Dispersion curves for acoustic phonon branch-
es in NbC. Circles and triangles are the measured val-
ues of Smith and GlKser (Ref. 1).
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trons.
To investigate the interrelation of phonon softening and high T, 's, we have expressed the phonon-in-

duced electron-electron interaction in the strong-coupling approach in terms of the nonlocal dielectric
function of Eq. (3). ' The basic quantity entering is the electron-phonon spectral function a'F(&u) which,
in the local-pseudopotential approximation, is given by

a'F(~) = 2 Q Q Q exp(ik R, ) exp[i(k+q) R, ](I —VS ')„[F'(q) e(q)][F' (q) e(q)]4M+(EF)& & ~ & t t a.a

x(l —VS ')... 5[E(k) —EF]5[E(k+q) —EF]6[&—&(q)]. (5)

Here S is the screening matrix (N ' —V), M is
the mass of an ion, and q=k —k'. &u(q) and E(k)
denote phonon and electron energies, with q stand-
ing for the momentum and polarization of a pho-
non with polarization vector e(q) and k running
over N wave numbers and band indices.

The relation between superconductivity and pho-
non anomalies usually is discussed in terms of
the parameter' A given by

A. = 2JO d(d ll F(&d)/(d. (6)

It is common practice to factorize ~ into an aver-
aged electron-phonon interaction and the phonon
moment (&') which is calculated using the experi-
mental dispersion. " It has been shown that the
va.riation of the moment (~') caused by the anom-
alies is not enough to explain the variation of A. .'

The electron-phonon matrix elements which en-
ter a'F and A. show a significant enhancement at
the anomalies due to the resonancelike increase
of the P-d screening described by the matrix VS '
in Eq. (5). Since simultaneously the matrix ele-
ments increase and the phonon frequencies de-
crease, we expect a pronounced enhancement of
A due to the (P-d) local-field effect. Using our
simple model of the electron-phonon coupling in
NbC we have evaluated ~ for three different cas-
es: In (a) the local field effects are neglected (V
=0) both in the matrix elements and in the fre-
quencies, in (b) these effects are included in cal-
culating the phonon frequencies, and in (c) the
p-d local field effects are taken into account si-
multaneously in the matrix elements and in the
frequencies. The value for the coupling constant
in case (a) is A. =0.4, in case (b) is A. =0.5, and in
case (c) is A. =0.6. VAdle these absolute values in
view of our simplified model (and because we con-
sider metal-sublattice interactions) are rather
crude, the relative changes should be more reli-
able. With use of the standard expression" which
relates T, to A. with a Coulomb repulsion p =0.1,
the relative change in T, can be calculated. The
change 4A. =0.1 due to neglect of local field effects
in the matrix elements reduces the experimental

T, value of 11.1 K to 6.2'K. The further neglect
of these effects in e(q) brings T, down to 2.7'K.

For one specific transition metal, when we go
from the carbides to the oxides, band-structure
calculations show a decrease in the nonmetal(P)-
metal(d) hybridization. " Although the total densi-
ty of states is larger for the oxides, our formal-
ism explains the low T, values for the oxides,
contrary to previous theories. Similarly the very
low T, values and the absense of phonon anomal-
ies in TMC with vacancies can be understood,
since the empty P states which are essential for
the hybridization mechanism are no longer avail-
able "

In summary, we have described a simple model
based on rigorous formulations of the microscop-
ic theory which, for the first time, explains both
phonon anomalies and high T, 's in TMC as result-
ing from a sharp increase of the nonlocal screen-
ing due to covalent-bond formation near EF . Our
results suggest P-d hybridization and the screen-
ing resonance to be quite generally the decisive
mechanism for phonon softening and its interrela-
tion with high-temperature superconductivity in a
large class of materials involving transition-met-
al atoms.

We are grateful to Professor E. 0. Kane for a
critical reading of the manuscript and to Dr. D.
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sions.
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X-ray photoemission spectra of W core levels and valence band in transparent and jn
situ uv-colored amorphous WO& films show that coloration is related to the existence of
occupied electronic W5' states situated -2 eV above the valence band and localized on
some tungsten sites. It is shown that x-ray photoelectron spectroscopy and optical data
are understood if one considers the formation of a hydrogen-tungsten-bronze-like com-
pound during uv irradiation.

Amorphous tungsten oxide thin films prepared
by thermal evaporatio'n under vacuum of %0, pow-
der exhibit two stable states —the first one is
transparent and highly resistive and the second
one is blue and less resistive. Virgin layers are
transparent. The blue coloration arises fI om a
broad absorption band with a maximum at 900 nm
(1.38 eV) and can be induced either by uv irradia-
tion' (hv & 3.4 eV), by application of an electrical
field' (E -10' V/cm), or by proton injection. "
Different models have been put forward on the
origin of the absorption band. ' ' In the earlier
model, Deb' suggests E-center-like absorption

between the fundamental and the excited states of
an electron trapped in an oxygen vacancy. Later
models '3 attribute the coloration to the existence
of a hydrogen-tungsten-bronze H„%0, formed by
proton injection; Faughnan, Crandall, and Mcoee'
suggest intervalence electron transfer between
%"and %"valence states as a microscopic
mechanism.

From optical measurements, the concentration
of optical centers amounts to about 5&&10 and
1022 cm ', respectively, for uv coloration' ' and
proton injection', thus, x-ray photoelectron spec-
troscopy (XI?S) demonstrates sufficient sensitivi-


