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material was Ohmic up to 10 V/cm where the electron
velocity was 7x10 cm/seo, setting this value as s
lower limit for the saturation velocity. It is conceiv-
able that in Zn-doped GaN this limit could be lower.
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The first measurements of phonon frequencies in a metal as a function of temperature,
at constant values of the atomic volume, are reported. The [&00]T, &~0.2 mode exhibits
considerable temperature dependence at constant volume, whereas modes in the f400]L,
[&&0]L, and If&0]T1 branches show little such dependence. The mode Gruneisen param-
eters are also determined.

In this Letter we report the first neutron-scat-
tering measurements of normal modes of vibra-
tion in a metal, as a function of temperature from
80 to 295 K, for fixed values of the volume be-
tween (79 and 89)& 10 "cms atom '. The temper-
ature dependence of the phonon spectrum at at-
mospheric pressure has been studied in many
materials, including Rb, ' and the pressure depen-
dence of selected normal modes, at room temper-
ature, has been measured in a few crystals, in-
cluding RbI, ' Pb, ' NaI, ' and Na. ' In addition, ex-
periments to determine anharmonic effects at
constant volume in Ne' and He' have been report-
ed. Rubidium was selected for the present study
because the harmonic dynamical properties are
reasonably well understood, and there exists a
volume-dependent effective potential' which has
been successfully used to compute a number of
properties in both the solid'" and liquid" states.
Furthermore the metal has a large compressibil-
ity' and thermal expansivity, ' as well as favor-
able neutron cross sections.

The sample, a single crystal of Rb 5.2 cm long
and 1.6 cm in diameter with a [001j direction
close to the cylindrical axis, was grown by a mod-
ified Bridgman method. " The crysta. l was con-

tained in a 7075-T6 aluminum pressure vessel
with a minimum outer diameter of 6.4 cm, which
was designed and lent to us by Professor W. B.
Daniels of the University of Delaware. The ves-
sel was housed in a variable-temperature liquid-
nitrogen cryostat, and hydrostatic pressure was
applied using a two-stage helium-gas-generating
system, "on loan from Argonne National Labora-
tory. The measurements were made using the
HB-4A triple-axis spectrometer at the high-flux
isotope reactor, Oak Ridge National Laboratory.
We used a fixed incident energy of 13.6 meV (3.30
THz), produced by Bragg reflection from a pyro-
lytic graphite (002) monochromator; a pyrolytic
graphite filter was employed to remove higher
orders, and a zinc (002) crystal was used as ana-
lyzer. The measurements were made using the
constant-Q mode of operation.

Data were obtained at four temperatures. At
each temperature T the pressure I' was adjusted
to obtain selected values of the lattice parameter
a (Table I). In each case a was determined by
measuring the scattering angles for various
Bragg reflections. By extrapolating our 295-K
data to 5 kbar, we obtain a = 5.408 A giving a ra-
tio of 0.854 for the atomic volumes at 0 and 5
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TABLE I. Measured values of the lattice parameter a for various tem-
peratures T and pressures P. .The estimated errors for a and P are bet-
ter than +0.005 A and +0.01 kbar, respectively. The values of a for P=O
were obtained by interpolation of the numbers given in Ref. 10.
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FIG. 1. Neutron groups for the [$00]T, f =0.2 mode,
measured at Q= [2, 0.2, 0] X2w/a, normalized to the
same number of monitor counts. The lines are drawn
to guide the eye.

kbar, whereas Vaidya, Getting, and Kennedy'
obtained a value of 0.862 for this quantity. Our
data at 80 K are insufficient for us to make a use-
ful comparison with the work of Gutman and Triv-
isonno. "

In Fig. 1 we show some neutron groups for the
best-determined mode, [$00]T at &=0.2. Clear-
ly the frequency of this mode changes both with
V at constant T and with T at constant V. There
is also evidence of an increase in the width of
this mode with increasing T. Figure 2 shows a
selection of our results for the frequencies of
four normal modes. Since the results for a= 5.41
0
A were in fact obtained for slightly different val-
ues of a (see Table I), small corrections (&0.01
THz) were applied to these data, using mode Gru-
neisen parameters determined from this experi-
ment (see below). Note that our results have not
been corrected for instrumental resolution: Only
the [/f0]T1 mode would be significantly affected. '
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FIG. 2. The temperature dependence of four normal
modes, for three values of the lattice parameter. Typi-
cal error bars are shown. Note the different ordinate
scales. The modes shown in (a), (b), (c), and (d) were
measured at Q's of ([2.2, 0, 01, [1.2, 1.2, 0], [2, 0.2, 01,
and [0.7, 1.8, 01)X2w/a, respectively. The lines are
drawn to guide the eye.

From Fig. 2 it is clear that only one mode, [$00)T
at P = 0.2, shows a definite change in phonon fre-
quency with temperature, at constant volume. Us-
ing our data at the four temperatures we have
computed average values for the zero-pressure
mode Gruneisen parameters y; -=—81nv;/8]nV,
as follows: [$00]L, f =0.2, 2.15+0.23; [/f0]L,
f =0.2, 1.65+0.07; [$00]T, f =0.2, 0.99+0.13;
and [&$0]T1, f =0.3, 1.31+0.25. Copley'0 com-
puted Gruneisen parameters of 2.1, 1.7, 1.1, and
3.4, respectively. The calculated parameter for
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the [$/0]T1 mode is clearly far too large, but for
the other modes the agreement between calcula-
tion and experiment is very encouraging.

Since the [$00]T, /=0. 2 mode shows definite
dependence on T at constant V (Fig. 2), it is clear
that the quasiharmonic approximation is insuffi-
cient. It should be remembered that, to first or-
der in anharmonic perturbation theory, two con-
tributions to the phonon self-energy must be in-
cluded. Calculations'"" have shown that for most
branches the two contributions are of opposite
sign and largely cancel. Thus the absence of a
detectable shift in a mode's frequency, with T at
constant V, does not imply the absence of anhar-
monicity. Though we cannot explain the fact that
only the [$00]T mode shows an appreciable shift,
we would offer two comments. First, the con-
stant-volume anharmonic shifts in neon, ' for the
[$00] branches at small f, show a similar behav-
ior to that observed in Rb. Second, the present
results are consistent with the fact that the cal-
culated'" cubic and quartic shifts in Rb and K,
for the [$00]T branch, are of the same sign (neg-
ative with increasing T), whereas the correspond-
ing shifts for the [$00]L, [/f0]L, and [f/0]T1
branches are of opposite sign. However, it is
not clear why this particular result follows from
the anharmonic calculations.

This investigation represents the first attempt
at a detailed study of the lattice dynamics of a
metal as a function of both temperature and vol-
ume. Considerable experimental difficulties ex-
ist because of inevitable scattering from the pres-
sure vessel and demands on instrumental resolu-
tion. Nevertheless the measurements clearly
provide valuable data for comparison with anhar-
monic calculations. Further measurements are
planned for the near future.

We are grateful to Professor W. B. Daniels for
the loan of the pressure vessel and for his con-
tinued interest in this work. We thank R. Kleb,
R. H. Stefiuk, T. C. Erickson, and G. E. Ostrow-
ski for their assistance at all stages in the prepa-
ration of this experiment, and J. L. Sellers for
his technical assistance during the measurements.

Two of us (J.R.D. C. and C.A.R. ) thank the mem-
bers of the Solid State Division, Oak Ridge Na-
tional Laboratory, for their hospitality through-
out the course of this work.

*Work supported by the U. S. Atomic Energy Com-
mission.

)Present address: Institut Laue-Langevin, BP 156
Centre de tri, 38042 Grenoble Cedex, France.

f.Work supported by U. S. Atomic Energy Commis-
sion-Oak Ridge Associated Universities Research Par-
ticipation Contract No. S-1328.

~J. R. D. Copley and B. N. Brockhouse, Can. J. Phys.
51, 657 (1973).

~D. H. Saunderson, Phys. Rev. Lett. 17, 530 (1966);
R. Lechner, private communication.

3R. Lechner and G. Quittner, Phys. Rev. Lett. 17,
1259 {1966).

G, Quittner, S. Vukovich, and G. Ernst, in The
Iou&h IAEA Symposium on Neutron Jnezastic Scatter-
ing, Copenhagen, Denmark, 1968 {International Atomic
Energy Agency, Vienna, Austria, 1968), Vol. I, p. 367.

G. Ernst, Acta Phys. Austr. 33, 27 {1971).
~J. A. Leake, W. B. Daniels, J. Skalyo, Jr., B. C.

Frazer, and G. Shirane, Phys. Rev. 181, 1251 (1969);
J. Skalyo, Jr., V. J. Minkiewicz, G. Shirane, and W. B.
Daniels, Phys. Rev. B 6, 4766 (1972) .

'F. P. Lipschultz, V. J. Minkiewicz, T. A. Kitchens,
G. Shirane, and R. Nathans, Phys. Rev. Lett. 19, 1307
(1967).

W. M. Shyu, K. S. Singwi, and M. P. Tosi, Phys.
Rev. B 3, 237 (1971).

D. L. Price, K. S. Singwi, and M. P. Tosi, Phys.
Rev. B 2, 2983 (1970).

~OJ. R. D. Copley, Can. J. Phys. 51, 2564 (1973).
A. Rahman, Phys. Rev. Lett. 32, 52 (1974), and

Phys. Rev. A 9, 1667 (1974); D. L. Price, private
communication.

S. N. Vaidya, I. C. Getting, and G. C. Kennedy, J.
Phys. Chem. Solids 32, 2542 (1971).

3W. B. Pearson, Handbook of Lattice SPacings and
Stmctures of Metals (Pergamon, London, 1958); see
also Copley, Ref. 10.

W. B.Daniels, Phys. Rev. 119, 1246 (1960).
5The high-pressure system will be described in a

separate report.
6E. J. Gutman and J. Trivisonno, J. Phys. Chem.

Solids 28, 805 (1967).
W. J. L. Buyers and R. A. Cowley, Phys. Rev. 180,

755 {1969).

367


