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The vibrational frequencies of selected normal modes can be obtained entirely from
first principles with use of frozen phonon calculations which involve the precise evalua-
tion of crystal total energy as a function of lattice displacement. The calculations allow
a detailed analysis of the microscopic mechanisms causing phonon anomalies and soft-
mode phase transitions. Successful calculations for Zr, Nb, and Mo have been made with
use of both tight-binding and pseudopotential methods.

PACS numbers: 63.20.-e, 61.50.Lt, 64.70.Kb

The lattice dynamics of transition metals and
transition-metal compounds with their abundance
of phonon anomalies and lattice instabilities have
been the subject of extensive experimental and
theoretical studies.! Recently Varma and Weber ?
using a perturbative approach involving an em-
pirical nonorthogonal tight-binding description of
the electronic states and electron-phonon matrix
elements,® have been quite successful in correlat-
ing anomalies in the phonon spectra of Nb, Mo,
and Nb-Mo alloys with features of the band struc-
ture near the Fermi energy. Previous to this,
general theories based on dielectric response
were proposed and led to simplified models em-
phasizing charge fluctuations.* In this paper we
demonstrate an alternative and complementary
method to obtain phonon frequencies which not on-
ly allows a first-principles determination of the
few empirical parameters entering the Varma-
Weber method but also permits testing of charge-
fluctuation models by providing details of the
charge-density response. The method involves
the calculation of the total energy of the crystal
as a function of lattice displacements for a par-
ticular wave vector. From the calculated poten-
tial well the phonon frequency as well as detailed
information on the phonon anharmonicity and pos-
sible lattice instability may be obtained. Recent
applications of this method toc semiconductors
have been very successful in evaluating phonon

frequencies,® ° elastic constants,> ™ ® anharmonic
terms,” ® Gruneisen parameters,® and tempera-
tures and pressures for phase transformations,® *°
The method has also been extended to evaluate
interplanar force constants from which entire
dispersion curves along a particular direction
may be obtained.® In this Letter we demonstrate
the applicability of the method for studying tran-
sition metals. We have performed these so-
called “frozen-phonon” calculations for the lon-
gitudinal (¢,%,%) phonon of Nb, Mo and the high-
temperature bce phase of Zr, as well as the H-
point phonon in Nb and Mo. There are remark-
able differences in the dispersion curves of these
metals (see Fig. 1)''713 which the calculations
are able to reproduce accurately.

The (3,%,%) phonon calculations were made us-
ing the ab initio pseudopotential method.5 % 15
The wave functions were expanded by means of
an efficient mixed-basis approach.’® For the pho-
non at H we used initially a first-principles tight-
binding method® !” but later switched to the more
efficient pseudopotential method. The Hedin-
Lundqvist form'® was used for the exchange-cor-
relation energy and potentials. Before attempting
any calculations for the displaced lattice, we
have calculated various structural properties for
the bulk using both methods. The results obtained
are in excellent agreement with measured values
(see Table I).
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FIG. 1. Phonon dispersion curves for the longitudinal
(111) branch measured by inelastic neutron experiments
on Nb (Ref. 11), Mo (Ref. 12), and the high-temperature
(1400-K) bcce phase of Zr (Ref. 13).

In dealing with lattice distortions in metals it
is necessary to consider changes in the Fermi
surface and band occupancies.
ing method, the band structure near the Fermi
level is fitted with empirical tight-binding param-
eters and the weight of a state near the Fermi
level is determined by the occupied portion of the
reciprocal space volume it represents. With this
scheme, 32 first-principles points in the frozen-
phonon Brillouin zone gave good agreement be-
tween the calculated and the measured phonon
frequencies. The pseudopotential method allows
more points to be sampled economically and a
Gaussian smearing of state energies proved a

For the tight-bind-
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FIG. 2. The calculated energy vs displacement curves
for the L (3,%,%) mode in Nb, Mo, and bce Zr. Inset:
the displacements of the (111) planes. Plane 1 is fixed,
plane 2 is displaced by 6(a/6,a/6,a/6), and plane 3 by
—0(a/6,a/6,a/6).

convenient means of weighting points. The width
of the smearing Gaussian is chosen to be roughly
equal to the dispersion of the state energies be-
tween grid points near the Fermi level. Conver-
gence for both weighting schemes was tested by
varying the number of £ points. Grids of up to
124 points for the (3,%,%) phonon and 196 points
for the H phonon have been tested. At the same
level of convergence both the tight-binding and
pseudopotential methods were in agreement.

Our motivation for studying the L(%,%,%) and
the H phonon in Nb and Mo is the marked differ-

TABLE I. Comparison of calculated and measured values (Refs. 11-13 and 19) for (i) the proper-
ties and (ii) the frequencies of the L (5,%, %) phonons, and (iii) the frequencies of the A phonon in Nb

and Mo.
Nb Mo
Calc. Cale.
Pseudo- Tight Pseudo- Tight
Expt. potential binding Expt. potential binding
Lattice constant (A) 3.30 3.26 3.34 3.15 3.14 3.17
Bulk modulus (Mbar) 1.702 1.79 1.62 2.725 2.82 2.67
Cohesive energy (eV/atom) 7.57 7.55 6.63 6.82 6.64 6.28
Phonon L(2/3,2/8,2/3) 3.57+0.06 3.6 6.15+0.08 6.0
frequency}
(THz) H point 6.49+0.10 6.4 6.6" 5.5+0.08 5.1 5.72

4These results are from calculations that have not fully converged.
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ences in the phonon spectra of the two metals at
these wave vectors. For Nb the longitudinal (111)
phonon branch exhibits a dip at the (3,%,%) posi-
tion whereas the same branch in Mo is flat near
2 2 2) but shows a dip at the zone boundary. We
first discuss the results for the L(%,%,%) phonon
for which the distorted bcce crystal can be de-
scribed by a unit cell consisting of three atoms
with displacements as indicated in the inset in
Fig. 2. The calculated crystal energy as a func-
tion of displacement is plotted in Fig. 2 for the
L(%,% %) phonon in Nb and Mo. The frequencies
derived from these curves are in excellent agree
ment with inelastic neutron scattering results
(Table I).}+** Of particular interest is the result
we calculated for bce Zr,*® also shown in Fig. 2,
The calculated potential well is highly anharmon-
ic; moreover, the minimum in energy does not
occur at the undisplaced bcc position but rather
it occurs when two of the (111) planes in the unit
cell collapse together to form what is known as
the w-phase structure. The instability of the bcc
phase towards the formation of the w phase at low
temperatures occurs in a wide variety of Ti, Zr,
and Hf alloys®! and also in pure Ti and Zr under
pressure.?* The bec-w transition has been stud-
ied extensively®® because of its anomalous effects
on the diffusion process and the mechanical prop-
erties of the metal. This is the first time that a
potential energy curve has been calculated for
this important transition. We obtained an energy
difference of 0.045 eV (or 520 K) per atom be-
tween the two phases. Our results suggest that
the transition is first order in nature since we
find the Zr bcc lattice has very low but nonzero
restoring forces when subjected to the distortions
of the L(3,%,%) phonon. Stassis, Zarestky, and
Wakabayashi'® have measured phonon dispersion
curves for the bcec phase of Zr at high tempera-
tures and their results show that there is a sharp
dip in the longitudinal mode at the (%,%,%) posi-
tion (Fig. 1) as well as quasielastic scattering at
Bragg positions corresponding to the w phase.
The sharp dip at the H point in the phonon dis-
persion curve of Mo has been associated with fea-
tures of the Fermi surface.? Indeed, an analysis
of the distorted Mo band structure for displace-
ments corresponding to this phonon confirms that
a large band splitting occurs at the Fermi level.®
With a displacement corresponding to ~4% of the
lattice constant, the total energy changes by
~0.03 eV/atom while the band splitting is greater
than 1 eV. The large volume of the Brillouin
zone affected and the size of the splitting for mod-

est displacements allow convergence of total-
energy calculations with a reasonable number of
k points. The calculated values for the H-point
phonons of Mo and Nb are in good agreement with
experiment (Table I).

In the analysis of the phonon spectra of Nb and
Mo using the traditional Born-von KArman mod-
el it is necessary to include interactions up to
the eighth neighbors to obtain a good fit.!* Waka-
bayashi®* and Allen®® have proposed alternative
models in which the phonons are coupled to charge
fluctuations in the crystal. They were able to fit
the phonon dispersion curves in Nb very well with
considerably fewer parameters. Our preliminary
investigations of the charge fluctuations produced
by the L(%,%,%) phonon in Nb, Mo, and Zr indi-
cate that the monopolar fluctuations are similar
in magnitude but very different in character. For
Mo there is a transfer of sp-like charge about
atoms in plane 1 (Fig. 2) to d-like charge about
atoms in planes 2 and 3 whereas in Zr, especial-
ly at large displacements, the transfer is direct-
ly opposite with d-like charge going over to sp-
like charge in planes 2 and 3 accompanied by a
decrease in the kinetic energy. In the w phase
0.14 electron/atom is transferred from plane 1
to planes 2 and 3, an amount which should be de-
tectable by high-resolution measurements of core-
level shifts. A complete analysis of the charge-
density distortions associated with the phonons is
lengthy and will be published elsewhere together
with comparisons with phenomenological models.

The encouraging results we have obtained dem-
onstrate that total-energy calculations for dis-
torted lattices offer a viable method for studying
the lattice dynamics of transition metals. We
are presently extending these methods (using the
Hellman- Feynman theorem'®) to calculate forces
on the atoms in the presence of distortions.
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Director for Energy Research, Office of Basic
Energy Sciences.

ISee the review by S. K. Sinha, in Dynamical Propev-
ties in Solids, edited by G. K. Horton and A. A. Mara-
dudin (North-Holland, Amsterdam, 1979), Vol. III, p. 1,
and references therein.

2C. M. Varma and W. Weber, Phys. Rev. B 19, 6142

675



VoLUME 49, NUMBER 9

PHYSICAL REVIEW LETTERS

30 AuGusT 1982

(1979).

3C. M. Varma, E. I. Blount, P. Vashishta, and
W. Weber, Phys. Rev. B 19, 6130 (1979).

sS. K. Sinha and B. N. Harmon, Phys. Rev. Lett. 35,
1515 (1975); W. Hanke, J. Hafner, and H. Bilz, Phys.
Rev. Lett. 37, 1560 (1976).

SM. T. Yin and M. L. Cohen, Phys. Rev. Lett. 45,
1004 (1980).

3. Inm, M. T. Yin, and M. L. Cohen, Solid State
Commun. 37, 491 (1981).

"H. Wendel and R. M. Martin, Phys. Rev. Lett. 40,
950 (1978), and Phys. Rev. B 19, 5251 (1979).

8. N. Harmon, W. Weber, and D. R. Hamann, Phys.
Rev. B 25, 1109 (1982).

K. Kunc and R. M. Martin, Phys. Rev. Lett. 48, 406
(1982).

193, Ihm and M. L. Cohen, Phys. Rev. B 23, 1376

(1981); M. T. Yin and M. L. Cohen, Solid State Commun.

38, 625 (1981).

Yy, Nakagawa and A. D. B. Woods, Phys. Rev. Lett.
11, 271 (1963).

2B, M. Powell, P. Martel, and A. D. B. Woods, Phys.
Rev. 171, 727 (1968).

B¢, Stassis, J. Zarestky, and N. Wakabayashi, Phys.
Rev. Lett. 41, 1726 (1978).

143, Ihm, A. Zunger, and M. L. Cohen, J. Phys. C 12,

4409 (1979).

%p, R. Hamann, M. Schluter, and C. Chiang, Phys.
Rev. Lett. 43, 1494 (1979).

183, G. Louie, K.-M. Ho, and M. L. Cohen, Phys. Rev.
B 19, 1774 (1979).

g, N. Harmon, W. Weber, and D. R. Hamann, J.
Phys. (Paris), Colloq. 42, C-6, 628 (1981).

81,. Hedin and B. L. Lundqvist, J. Phys. C 4, 2064
(1971).

¢, Kittel, Intvoduction to Solid State Physics (Wiley,
New York, 1976), 5th ed., Tables 1-3, 3-1, and 3-4.

20The stable phase of Zr at low temperature has the
hep structure. The bee phase is stabilized only at tem-
peratures greater than 1100 K.

3B, S. Hickman, J. Mater. Sci. 4, 554 (1969); S. L.
Sass, J. Less Common Metals 28, 157 (1972).

24, Jayaraman, W. Klement, and G. C. Kennedy,
Phys. Rev. 134, 664 (1963); J. D. Jamieson, Science
140, 72 (1963).

233, M. Sanchez and D. de Fontaine, Phys. Rev. Lett.
35, 227 (1975), and J. Phys. (Paris), Collog. 38, C-7,
444 (1977). The method of Ref. 2 has been applied by
A. L. Simons and C. M. Varma, Solid State Commun.
35, 317 (1980).

24N, Wakabayashi, Solid State Commun. 23, 737 (1977).

p, B. Allen, Phys. Rev. B 16, 5139 (1977).

Orientational Order-Disorder Transition on a Surface
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A system of diatomic molecules with atoms interacting via Lennard-Jones potential
and with the centers of mass of molecules fixed on a square lattice is studied by molec-
ular dynamics technique. Temperature dependences of internal energy and orientational
order parameter are calculated. The development of an ordered state from a disorder-
ed state is also studied. It is found that the system undergoes a continuous orientational

order-disorder transition.

PACS numbers: 64.60.Cn, 68.20.+t, 68.30.,+z.

In recent years, many experimental and theo-
retical investigations have been carried out on
systems of molecules adsorbed on surfaces.’ Be-
cause of the anisotropic nature of intermolecular
forces, it is possible that these systems will
exhibit distinct orientational order-disorder
phenomenon and a melting transition associated
with translational degrees of freedom. Theoreti-
cal proposals? concerning the role of topological
defects in the melting of two-dimensional (2D)
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solids have contributed a great deal to the recent
surge in experimental™® and computer simula-
tion*”7 gtudies.

In this Letter we shall discuss the problem of
orientational order-disorder phenomenon for
diatomic molecules adsorbed on surfaces. To
separate this issue from melting, it is customary
to study the problem in which centers of mass of
molecules are fixed on a lattice (e.g., square,
hexagonal, etc.), thereby eliminating the trans-



