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Optical-phonon effects on the elastic constants of PdH and PdD„
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A previous theory for the optical-phonon contribution to the elastic constants in PdH and PdD
is extended to include effects due to the acoustic phonons. Additional terms are obtained which
have a bearing on the interpretation of experimental results.

A detailed experimental and theoretical study of the
elastic constants of PdH and PdD has been reported by
Geerken et al. ' The optical-phonon contribution to the
bulk modulus was expressed in terms of different
Gruneisen parameters, yI and y„ for the longitudinal and
transverse optical phonons, respectively. An unusually
large value of

~
yt —y, ~

was found. On combining the
elastic-constant measurements with thermal expansion '

and neutron scattering results, a negative value of yi was
obtained. The optical Gruneisen constants are particular-
ly interesting because of their connection to superconduc-
tivity in PdH„and PdD .

The purpose of this Brief Report is to extend the theory
presented in Ref. 1 to take the acoustic phonons more ful-
ly into account. Additional terms are found in the expres-
sion for the bulk modulus which substantially affect the
interpretation of the experimental results of Ref. 1.

The theory developed in Ref. 1 is first outlined with an
emphasis on the bulk modulus. The internal energy is
given by

U= Up(E;)+ g (nq+ , )fico—

nq ——[exp(/3irtcoq ) —I ]

The adiabatic bulk modulus is defined by

(2)

8 U
av', '

where V is the volume of the crystal and S is the entropy.

where IE;I is the strain in Voigt notation, Up(E;) is the
frozen lattice energy, Amq is the phonon energy, and the
sum is over all phonon states q. The phonon occupancy is
given by the Planck distribution function,

Two important Griineisen parameters for the bulk
modulus are

t) 1n(ficoq )

3 lnV

and an average Gruneisen parameter defined by

g (Pficoq) nq(nq+1)yq
q

g (Pficoq) nq(nq+1)
q

The result found in Ref. 1 for the bulk modulus is

(4)
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V

(6)

Geerken et al. ' assumed that the optical-phonon contri-
bution to B could be adequately described by evaluating
the sums of Eqs. (5) and (6) over the optical modes only.
The coupling between the acoustic and optic modes in-
duced by the last term in Eq. (6) was neglected. It will be
shown below that the neglected terms are not small.

Two volume Gruneisen constants were assumed in Ref.
1, yI and y„ for the longitudinal optical and transverse
optical phonons, respectively. In the present paper the re-
sults of Ref. (1) are extended by assuming a third volume
Gruneisen constant, y„ for all the acoustic phonons, and
carrying out the sums over the acoustic and optical
modes. The result is

1 8 1nBD
B=Bp+ ' (Fly. +FIyt+2FI yt)+ [F'ty, (y +I)+FIyt(yt+I)+2F iy«yt+I) lV t) lnV /3V

[F2(y, —y) +F2(yt —y) +2Fi(y, —y) ),

where has been used,

F', = g (n + —, )Pfieq

35 7708 1987 The American Physical Society



35 BRIEF REPORTS 7709

and

Fi ——g nq(nq+ 1)(Pf]coq ) (10)

l(t) 1F] ——Xx(n](c)+ —, )Pf]co/((),

Fi N——xn](c)( n](c) + 1 )(Pf]co](t))
l(t) 2

with

with i=a, l, t. The sum over a is over all the acoustic
modes, while the sum over t is over half the transverse op-
tical modes with a compensating factor of 2 used in Eq.
(7) as was the case in Ref. 1. F, and Fz differ slightly
from the definitions used previously. In Ref. 1 the optical
phonons were approximated as Einstein oscillators of en-
ergy ficoi (fico, ), in which case,

«(c) = (exp(P~](c) ) —1 l

where X is the total number of palladium atoms in the
crystal and x is the H or D to Pd ratio. Combining the
first four terms of Eq. (7) in a manner similar to that of
Ref. 1, and using Eq. (5) to rewrite the last term of Eq.
(7), B can be expressed as

T

a 2F1F1B=Bp+ (F]+F']+2F'])A+
pv F1+F,+2F',

FpFq

Fp +Fq+2Fp

with

2F)Fp
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2F1F1
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F1+F1+2F1

2FpFp
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al~,
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F1,+F1 l+2F1

F1+Fl1 +2F

and

F1za+F1rl+2F1 Z~y= F 1 +Fl1 +2F ~1

(16)

These results are derived under the assumption that the
phonon populations maintain equilibrium with the ul-
trasonic wave.

The results of Ref. 1 are recovered by settin~
F1 ——Fz ——0. HomeUer, F1 is roughly comparable to F1
and F1 over the temperature range of the experiments.
Further, Fz & F'i, Fi, (Fi is, within a factor of the
Boltzmann constant, just the heat capacity of phonons of
typ«. ) lf (yi —y, )'»(y, —y])', (y, —y, )' then, of
course, the term involving (yi —y, ) could dominate.

Even in that case the F1 and Fz factors would need to be
taken into account.

Obviously, one could not hope to obtain all the various
parameters in Eq. (14) by fitting that expression to the ex-
perimental results. It might be possible to estimate F'1,
F'z, and y, from other types of experiments, and then use
Eq. (14) to extract yi and y, from the bulk modulus data.
It would be interesting to see if such an approach would
give values of yl and y, different from those found in
Ref. 1.
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