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sibly also pertinent to 'He systems in restricted
geometries like the registered phase of 'He on
Grafoil or the special 2D layers near a liquid-
solid interface. Finally it is important to appre-
ciate that the speculation made in this Letter is
subject to several caveats" that will be present
until an exhaustive treatment of 2D vacancy-in-
duced ferromagnetism is complete.
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We present a new formulation of lattice dynamics especially suitable for transition
metals and their compounds. Calculations of the phonon dispersion in 4d bcc metals and
alloys based on it reproduce all the observed anomalous structure and elucidate the phys-
ical origin of the anomalies.

The study of the lattice dynamics of transition
metals and compounds (TMC) has been very ac-
tively pursued recently. ' ' Partly the impetus
has been generated by the empirical correlation
between high superconducting temperatures and
the presence of anomalies in the phonon spectra.
Microscopic lattice-dynamical calculations for
TMC are very complicated when based on the cus-
tomary method, 4 developed originally for nearly
free-electron metals, In this Letter, we present
a simple alternative approach and use it to calcu-
late phonon dispersion curves for Nb, Mo, and

Nb-Mo alloys. Our results reproduce all anoma-
lous features in the phonon spectra of these mater-
ials and allow an understanding of their origin.

In the adiabatic approximation, the phonon fre-
quencies are obtained by diagonalizing the dynami-
cal matrix

Here i and j are the lattice sites, n and P the Car-
tesian indices; V„ is the bare t.on-ion Coulomb
interaction; and the total electronic energy, E, ,
is a parametric function of the ionic coordinates.
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In the self-consistent one-electron approximation
for electronic eigenvalues cg

&
(k is a wave vec-

tor; p, is a band index), we can write

E,=Ez —(V„+V„), Er—- Qeg pf(k, P),
f,p

where m is the orbital index. A satisfies the
equation,

HA = SAE, (4)

where the electron-electron interaction energy
double counted in E& is explicitly subtracted off.
V„ is the Hartree energy and V„, the exchange
and correlation energy. We now write

H
Vo Vcc ~ee ~xc'

l'„, is a short-range term and V„- V„ is much
smaller than V„and has no long-range Coulomb
forces if we deal with one atom per unit cell.
The cancellation of V„- V„ is the better the
more tightly bound are the atomic orbitals.

Let us denote the contribution VV'Vo to the dy-
namical matrix by D,. We now consider the con-
tribution of Ez to the dynamical matrix. A cru-
cial point of our procedure is that we adopt the
nonorthoganal tight-binding scheme (NTB) for
the d electrons in TMC. Not only is it a realis-
tic description of the d electrons, it is the most
economical and convenient basis for calculating
various properties of TMC. Our recent success
in calculating the average squared electron-pho-
non-interaction matrix element' for the 4d bcc
transition metals and alloys further reinforces
the conclusions of Friedel' and Mott to this effect.
In NTB, the Bloch functions are expanded as

tpg &
—-N 'Q y; (r) exp(ik R~)A~(R),

ng g

D n8(y g gf, p;k', p' Bk, p;k', p'

with the normalization AfSA= 1. Here E is the di-
agonal matrix of eigenvalues ep„, and H and S
are the Fourier-transformed tight-binding Hamil-
tonian and overlap matrices, respectively. It is
important to note that the matrix elements H,.„,.
and S,.„,. are regarded here as self-consistent
matrix elements including the effects of electron-
electron interaction, Since results of self-consis-
tent augmented-plane-wave (APW) band-struc-
ture calculations' for transition metal are avail-
able, a simple way of obtaining these quantities
is to fit such a band structure with the NTB
scheme,

The contribution to the dynamical matrix from
E& can now be written in terms of the variations
in II,.„,. and 8,„, as the atoms are moved. The
contributions will be of two kinds: (i) D„ from
changes in H and S that are second order in the
displacements —treated in first-order perturba-
tion theory; and (ii) D„ from changes in H and 8
that are first order in the displacements —treated
in second-order perturbation theory. It is easy
to see that the range of D, is about the same as
the range of the matrix elements H, , or S,, in the
NTB scheme; thus it will be short-ranged for
TMC.

The contribution D, for a given wave vector q
=k —k' is

(5)

where gk „.g~ „~ is the fully renormalized self-consistent electron-phonon-interaction matrix element
(or electron-ion form factor), which we have derived earlier':

g~, „,.~,,'=EA„.t(k) [y.."(k) -y.."(k )]A.„«),
m, n

with

y „(k) = Z(V„II, ,„—egV„S, ,„)exp(iR R,,).

r

The customary method4 deals with the bare ion-
ion dynamical matrix instead of D, and then uses
the bare electron-ion matrix element instead of

g and the fully renormalized susceptibility. The
latter quantity is extremely hard to calculate ac-
curately for materials with nonuniform charge
densities. Our method avoids this difficulty by
grouping terms differently'; the fodr'al dynamical
matrix is, of course, identical with the custom-
ary one.

The computational advantages of the NTB ap-
proach are as follows: (i) The changes in the
Hamiltonian due to ion motion are expressed in
terms of derivatives of matrix elements taken at
discrete lattice points i, j, etc. Thus we do not
explicitly require the knowledge of the wave func-
tions and potential gradients at all points in space
and yet include all local-field effects. (ii) The ef-
fect of variation in screening, exchange, and cor-
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relations is included in theiterms VII;, and VS...
as long as these quantities are determined from
self-consistent band-structure calculations at dif-
ferent lattice configurations. (iii) The significant
V&,

&
and VS;,. are confined to a few nearest neigh-

bors. All this makes the calculations economical
without introducing any uncontrolled approxima-
tions.

Since we expect the term D, to cause the long-
range oscillatory force fields manifest in the pho-
non anomalies, we focus our present calculations
on D,. For this we use' an NTB band structure
with a nine-orbital s-p-d basis fitted to an APW
calculation' for Nb with an rms error of -0.15
eV. The NTB matrix elements extend to second
neighbors, and the two-center approximation is
used. The radial derivatives in the VII and VS
terms are determined from (i) fits to self-consis-
tent APW band-structure calculations at two dif-
ferent lattice constants and (ii) Herman-Skillman
atomic wave functions and potentials. The two
methods lead to results which agree within -20/o.
The short-range term D, +D, is parametrized by
four nearest-neighbor (nn) and next-nearest neigh-
bor (nnn) force consta, nts which are fitted such
that the diagonalization of D, +D, +D, yields opti-
mum agreement with experimental phonon curves.

With the above procedure and using the rigid-
band approximation, we have calculated phonon
dispersion for Nb, Mo, and various Nb-Mo alloys.
Figure l shows the results for Nb, Nbp 2 Mop 75,
and Mo, together with the experimental results
of Powell, Martell, and Woods. ' The overall
quantitative agreement is very good, but more
remarkable is the fact that all anomalous fea-
tures of the phonon dispersion are reproduced.
The anomalies in Nb in the longitudinal (L) branch-
es are the dip in the ($, 0, 0) direction at $ = 0.7,
the deep minima in the (g, $, $) direction at $ =0.7,
and the kink near the point I'. In the transverse
(T) branches, they are the long-wavelength con-
cavity in the ($, 0, 0) and ($, $, 0) directions and
the crossing of the two T branches near the zone
boundary in the ($, g, 0) directions. In Mo, the
anomalies are the deep minimum at & with the
crossing of L and T in (f, g, g) near H and the soft
H3 mode. En the Nb„- Mo, „alloys the anomalies
of Nb disappear smoothly with decreasing x, to
be replaced by the anomalies of Mo.

We have carefully analyzed our calculation to
trace the source of the anomalies; and the nature
of the overall spectrum. The most important re-
sults with special reference to the (g, 0, 0) L
branch of Nb are discussed below. The nn and

I

Nb

N
I

Np

Ng

0
8—

I

Nbp25 Mpp75
'Nl

&N)

nnn force constants representing Dp+D, lead to
phonon frequencies of about twice the final fre-
quencies. Dp+D, vary smoothly increasing by
about 20 from Nb to Mo. The contribution of D,
due to scattering from the dominantly d-like
bands to the higher-lying s-p bands has the form
of near-neighbor force constants and simply re-
duces D, +D,. The anomalous structure in D,(q)
is predominantly caused by scattering between-' orbitals, Further, variations in VII,, elements
by (20-30)% or omitting nonorthogonality correc-
tions in g only changes the magnitude of D„but
not significantly its g dependence.

Further analysis has revealed that all the pho-
non anomalies (except the concavity in the Nb-T
branch) are from D,', the contribution to D, of
scattering between states which are within about
0.5 eV of the Fermi surface, ' as demonstrated
for the Nb ((, 0, 0) L branch in Fig. 2. However
the phonon anomalies are not Fermi-surface
anomalies in the Kohn-Qverhauser' sense. In
Fig. 2 this is illustrated by plotting D, with the
matrix elements g set at some average constant
value (contact approximation).

0
I 0.2 0.6 H 0.8 0,6 P OA 0.2 I' 0.2 0,4 N

REDUC ED WAVEVECTOR

FlG. 1. Calculated phonon dispersion curves for Nb,
Nb() 25Mo() 45, and Mo. The circles, squares, and tri-
angles are the experimental results of Ref. 1.
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(8) reflects that the matrix elements are larger
when small displacements cause larger changes
in electronic energies, and the overlap of initial
and final states is larger I.nserting (8) in (5),
we conclude that a lattice distortion of wave vec-
tor q=k —k' will reduce the energy of a state (k, p)

near the F. S. significantly if a state ez. „near
the F. S. exists such that I v)t& —vk. „ i is large.
This effect is proportional to ivk „"-vg, &.

"i'
while the number of states cI, „near F. S., given
by the density of states, is —)V~ & )

'. 'Thus for
nesting of bands near the F. S., the Kohn-Over-
hauser theory would predict strong phonon anom-
alies for small Ivy, „jwhereas our results show
that the anomalies occur for large lvk „ i, where
u is in the nesting direction. In other words larg-
est phonon anomalies occur because of saddle
points in the electronic band structure near the
Fermi surface. We have confirmed this qualita-
tive picture by computing D, using (8) and have
always found maxima at the position of the anom-
alies.

This last result has general significance. In
fact (8) may be used to predict phonon anomalies
and instabilities in other materials with knowl-
edge of the band structure alone.

We wish to ahank Dr. E. I. Blount for helpful
conversations, and Dr. M. Schluter and Dr. P.
Vashishta for providing some computer programs
used in the calculations.
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FIG. 2. Analysis of the contribution to the calculated
dynamical matrix for the ($, 0, 0) longitudinal branch in
Nb. The description of the various curves is given in
the text. The aim of this figure is to iOustrate that
the phonon anomaly arises from the wave-vector de-
pendence of the electron-ion form factor.

The anomalies arise from the q dependence of
the electron ion form factor g for scattering
close to the Fermi surface (F.S.). This is evi-
dent in the plot of D2' with a constant energy de-
nominator, equal to the inverse density of states,
also shown in Fig. 2, We find that even in Mo
with a rather favorable Fermi surface for Kohn-
Overhauser anomalies near &, the form factors
g determine the sharpness of the anomaly. For
a physical understanding of these results we note
that g can be written approximately as

F, p p', p' (vf, p vu, p, )QAp J(k)A~i (k'), (8)

where v-„„ is the velocity 9&I-, „/sk". The form
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Doped polyacetylene forms a new class of conducting polymers in which the electrical
conductivity can be systematically and continuously varied over a range of eleven orders
of magnitude. Transport studies and far-infrared transmission measurements imply a
metal-to-insulator transition at dopant concentrations near 1/0.

We find that films of the semiconducting poly-
mer, polyacetylene, show a dramatic increase
in electrical conductivity when doped with con-
trolled amounts of the halogens chlorine, bomine,
or iodine, and with arsenic pentafluoride (Asp, ).
The concentration dependence in combination with
far-infrared transmission data suggests the oc-
currence of a metal-insulator transition as a
function of dopant concentration.

Polyacetylene is one of the simplest linear con-
jugated polymers with a single-chain structure
as shown in Fig. 1. Each carbon is 0 bonded to
one hydrogen and two neighboring carbon atoms
consistent with sP' hybridization. The v electrons
are therefore available to delocalize into a band.
In the idealized situation of a uniform chain, the
resulting conduction band would give rise to me-
tallic behavior. However, such a system is un-
stable with respect to bond alternation, which
causes the formation of an energy gap in the elec-
tronic spectrum. Studies of m-m* transitions in
short-chain polyenes show that the frequencies
do not fall as n ' as expected for a free-electron
picture, but appear to saturate at AE&„&
= 2.4 eV. ' Bond alternation is present in the poly-
mer and would be expected to lead to semiconduct-
ing behavior. However, Ovchinnikov' has stim-
mated the bond-alternation energy gap to be too
small and attributed the observed value to Cou-
lomb correlation effects, i.e., a Hubbard gap.

In a series of studies Shirakawa and co-work-
ers' ' succeeded in synthesizing high-quality
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FIG. 1. Electrical conductivity of trans-(CH)„as a
function of (AsF5) dopant concentration. The trans and
cis polymer structures are shown in the inset.

polycrystalline films of (CH)„, and developed
techniques for controlling the cis/trans content. 4'
These materials are semiconductors'; the trans
isomer is the thermodynamically stable form at
room tempe rature.
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