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Long-wavelength acoustic phonons have been studied for each of the $00&gT, L00fjL, t0g'jT1, and
$0&&jL branches in KBr at 95 and 463'K by means of inelastic neutron scattering. This study has shown
that the elastic constants of KBr determined by inelastic neutron scattering (zero-sound regime) exhibit a
different temperature dependence from those determined by ultrasonic techniques (first-sound regime).
For example, the change in the zero-sound elastic constant for the LOi i']Tr branch between 95 and 463'K
is (23+4)%, while the change in the first-sound elastic constant determined by Haussuhl using ultrasonic
techniques is (35.1+1.2)%. Cowley's theory for first and zero sound shows reasonable agreement with
experiment.

I. INTRODUCTION
' 'N an anharmonic crystal, the mode of propagationi. of a phonon (or sound wave) depends on the re-
lationship of its frequency v to some typical inverse
lifetime I' of the phonons in the crystal. '' If its fre-
quency is sufficiently small (v« I'), sufficient phonon-
phonon collisions can occur during each period of the
sound wave to alter the populations of the phonon
states so as to set up local thermodynamic equilibrium.
This "collision-dominated" mode of propagation is
referred to as the hydrodynamic or first-sound regime.
If, on the other hand, the frequency is sufficiently
high (v))F), then sufficient collisions cannot occur
during each period of the wave to significantly alter
the populations of the phonon states, and the local
temperature of the crystal is unaffected by the presence
of the phonon. By analogy with the case of liquid He,
this "collision-free" mode of propagation is referred to
as the zero-sound regime.

As has recently been shown by Cowley, ' anharmonic
interactions influence the sound waves (or phonons)
differently in the zero- and first-sound regimes so that
the velocity of propagation should be different in the
two regimes and should exhibit a different temperature
dependence.

In the present study, ' experimental evidence for the
two modes of propagation in potassium bromide is
obtained by showing that the temperature dependence
of several high-frequency L(0.3—1.6))&10" cps' sound
velocities, determined by means of inelastic neutron
scattering, is different from the temperature depen-
dence of the low-frequency (=10r cps) sound velocities
determined by Haussuhl4 using ultrasonic techniques.
Calculations carried out by Cowley and Cowley, ' and
earlier neutron-scattering measurements carried out by

' J. M. Ziman, Electrons and I'honons (Clarendon Press, Oxford,
England, 1960).

2 R. A. Cowley, Proc. Phys. Soc. (London) 90, 1127 (1967).
3 A brief report of this work has already been presented, see

E. C. Svensson and W. J. L. Buyers, Bull. Am. Phys. Soc. 12,
708 (1967).

4 S. Haussuhl, Z. Physik 159, 223 (1960);see also K. Spangen-
berg and S. Haussuhl, Z. Krist. 109, 422 (1957).

~ E. R. Cowley and R. A. Cowley, Proc. Roy. Soc. (London)
A287, 259 (1965).

Woods et a/. , had shown that the inverse lifetimes of
the phonons in KBr were &0.2)&10" cps at 400'K
except from some longitudinal optic (LO) modes. The
phonons detected in the present study at temperatures
~( 463'K should therefore be propagating largely in the
zero-sound regime, whereas the ultrasonic measure-
ments4 belong to the first-sound regime.

The neutron-scattering measurements and results
are described in Sec. II. In Sec. III, these results are
compared with those of ultrasonic measurements4 and
with the theory' for first and zero sound.

II. MEASUREMENTS AND RESULTS

The high-frequency elastic constants of potassium
bromide have been studied by determining the fre-
quencies of long-wavelength normal modes for the
[00t]T, [00t'jL, LOgjTt, and $0@]Lbranches of the
dispersion relation. Measurements were carried out for
reduced wave vectors /=0. 1, 0.15, 0.20, and 0.25 at
95 and 463'K. The main difhculty with the measure-
ments was to avoid the systematic errors in frequency
which occur because of the finite resolution of the
instrument. Consequently, measurements were carried
out at different temperatures so that the temperature
dependence of the elastic constants could be deter-
mined. With this procedure, the systematic errors
would be expected to largely cancel. That they did so
was verified by measurements made with different
experimental configurations.

The KBr specimen crystal was 2 in. in diam&(2 in.
long with a mosaic spread of about 0.2'. It was oriented
with a L100j axis vertical. The measurements were
carried out at constant Q using the new triple-axis
crystal spectrometer at the C4 facility of the NRU
reactor in Chalk River. (Methods of neutron spectros-
copy have been described by Brockhouse. ') The
monochromatic beam (frequency vs, wavelength Xs)
incident on the specimen is produced by Bragg scatter-
ing of neutrons from the reactor through a fixed angle

6 A. D. B. Woods, B. N. Brockhouse, R. A. Cowley, and W.
Cochran, Phys. Rev. 131, 1025 (1963).

B. N. Brockhouse, in Inelastic Scattering of Neutrons in Solids
and Liquids (International Atomic Energy Agency, Vienna,
1961), p. 113.
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TABLE I. Temperature dependence of long-wavelength acoustic modes in KBr from measurements carried out with v0= 4.374X10"
cps, beam divergences (d1, d2, d3) = (0.41', 0.41, 1.03') (see text), and mosaic spreads 3f=0.25 and A =0.33 for the monochromating
and analyzing crystals, respectively.

Branch

[orrgTq 0.25
0.20
0.15
0.10

1.33'~0.015
1.07 ~0.015
0.80 ~0.01
0.525+0.015

1.195+0.02
0.95 &0.03
0.70'&0.02
0.46 &0.01

Frequency (10~ cps)» (95'K.) » (463 K) ~ 1"(%)
10.6+1.8
11.3&3.1
11.7&2.7
12.5&3.1

Average
shift

11.5+2.7

$00gjL

[oral&

0.25
0.20
0.15
0.10

0.25
0.20
0.15
0.10

0.25
0.20
0.15

1.425+0.03
1.14 ~0.02
0.85 &0.02
0.565+0.02

1.62'+0.02
1.32 +0.02
0.99 +0.02
0.645&0.02

0.52 +0.01
0.425~0.01
0.33 &0.01

1.28 &0.02
1.02 ~0.02
0.77g&0.03
0.51 &0.03

1.525&0.02
1.225&0.02
0.92 &0.02
0 60e~0 02

0.505~0.01
0.415~0.01
0.32 &0.01

10.2&2.4
10.5~2.4
8.8~4.1
9.8&6.2

6.3+1.7
7.3&2.1
7.2&2.8
63~4.2
2.5~2.7
1.7+3.3
3.6a4.2

9.8a3.8

6.8&2.7

2.6+3.4

of about 54'. Several monochromating crystals are
available so that various incident energies are readily
obtained. The resolution of the instrument is deter-
mined mainly by three collimators with vertical blades
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Fzo. 1. The {100) plane of the reciprocal lattice of KBr and
several typical neutron groups measured in this plane. The
groups are labeled with the branch designation and the values
of the reduced wave vectors g; the appropriate values of the
incident neutron wavelength X0 and the beam divergences (see
text) are also given.

of variable spacing which limit the horizontal diver-
gences of the beam incident on the specimen, the beam
scattered by the specimen, and the beam scattered by
the analyzing crystal, to the angles d&, d2, and d3,
respectively.

Several typical pairs of neutron groups measured at
95 and 463'K are shown in Fig. 1 together with a
section of the (100) plane of the reciprocal lattice of
KHr which illustrates where the various groups were
measured. Note that the groups labeled Dj, D2, and
D3 represent the same normal mode studied with three
different resolutions as indicated on the diagram. The
frequency shifts 6= vr, —v~ between low (I) and high
(H) temperatures for these three pairs of groups are
in excellent agreement, being 0.095&0.02, 0.105&0.02,
and 0.09~&0.01, (units of 10"cps), respectively.

The results obtained for one particular experimental
configuration are given in Table I. The relative fre-
quency shifts Av/vi, are also given. The errors in vl.
and v~ are estimated from the shapes and statistics of
the neutron groups. There is no well defined procedure
for making this assignment, but the errors were usually
chosen to be about ~'~ the full width at half-maximum.
These errors are believed to be two standard deviations.
The errors in the relative differences (column 5) are
determined by the rms addition of the errors assigned
to vg and v~ and are therefore also two standard
deviations.

In addition to random errors, systematic errors arise
from the Gnite resolution of the apparatus but are
expected to largely cancel in the relative frequency
shifts. The magnitude of the systematic errors and
their cancellation cannot be calculated reliably, but it
is believed that for column 5, they do not exceed the
random errors in magnitude but may possibly be of
the same sign for each wave vector on one branch.
Accordingly, we have quoted an error for the average
shift (column 6) which is the average of the errors for
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each wave vector and is considered to be two standard
deviations or greater. That this is so is borne out by
the data (Table II) for different experimental con-
figurations which will be discussed later, and by the
recent investigations of the significance of errors in
neutron scattering.

To ensure that the results obtained were inde-
pendent of the particular instrumental resolution em-

ployed, measurements were repeated at the same
temperatures with two different incident neutron wave-
lengths [)O=2.13 A from the (111) planes of an Al
monochromator of mosaic spread 0.25', and ho= 1.81 A
from the (220) planes of a Ge monochromator of
mosaic spread 0.33'] and with different values of the
horizontal divergences (dr, d2, d3). In all cases, it was
found that the values for the relative frequency shifts
with temperature agreed well within the estimated
errors. Measurements carried out with the vertica1
divergences of the neutron beams incident on and
scattered by the specimen both reduced to 1.4' from
2.4' and 4', respectively, showed that the effect of
the vertical divergence of the neutron beams was
negligible.

The average shifts given in Table I for Xo
——2.13 A

and (dr, d2, d3) = (0.41',0.41',1.03') are compared in
Table II with the results for ) 0——1.81 A and (d~,d2, d~)
= (0.41',0.41',0.67'). It is seen that the two sets of
results are in very good agreement. The [Off']T&
branch was also studied using other instrumental resolu-
tions; in all cases, the results were in excellent agree-
ment with those listed in Table II. Ke therefore believe
that the relative frequency shifts obtained in the pres-
ent study are independent of instrumental resolution.

DI. COMPARISON WITH ULTRASONIC
RESULTS AND WITH THEORY

The averages for each branch of the relative fre-
quency shifts obtained with the various experimental
configurations are given in Table III (column 3)
together with the number of individual values com-
prising the averages (column 2). For comparison with
the results of ultrasonic measurements and with the
theory, it is most convenient to convert these frequency

TABLE II. Average frequency shifts for different
experimental con6gurations.

FrequenCy v0 (1012 CpS)
Collimation (di, d~,d3)
Mosaic spread: M, A

Branch

COg'gTI
COOQL
I WGL

4.374 6.039
0.41, 0.41, 1.03' 0.41, 0.41', 0.67'

0.25', 0.33' 0.33, 0.25'

av/vL, (%)
11.5~2.7 11.4+1.8
9.8&3.8 8.1+3.1
6.8~2.7 6.8+2.4

where a is the lattice constant. It follows that

AC/Cr, =—(Cr,—Clr)/Cr, = 1 (al/—aH) (1 »/~—r)' (2).

The values of AC/Cl, obtained from the neutron results
of column 3 using Eq. (2) are listed in column 4 of
Table III.

The values of hC/Cl, given by the ultrasonic mea-
surements of Haussuhl' at a frequency of 9X10' cps
are listed in column 6 of Table III. Haussuhl gives
values for C ' dC/dT at T=O'C. In calculating the
values of gC/Cr, from these quantities, it has been
assumed that dC/dT is constant for T)95'K which

appears to be a good approximation. 4'
The results given in column 7 of Table III show that

there is a significant difference between the tempera-
ture dependences of the elastic constants of KBr as
determined by high-frequency (neutron scattering) and
low-frequency (ultrasonic) techniques. The high-fre-

quency elastic constants are seen to decrease more
slowly with temperature than the low-frequency ones.
The difference is not significant for the [00/]T and

[Og]L branches, but it is outside the assigned error
for the [00)]Lbranch, and for the [Og]Tr branch the
discrepancy is three times the assigned error. (These

shifts into relative changes in elastic constants. If C
is the elastic constant for a particular branch, then
the relative frequency shift (for a particular reduced
wave vector f) between a high (H) and a low (L)
temperature is given by

Av vz, —vier (azCz)'" (a~Ca)—'~'

(azCs.)'"

TABLE III. Temperature dependence of the high (10"cps) Z and low (10' cps) P frequency elastic constants of KBr.
The results shown are fractional shifts (in percent) between 95 and 463'K.

Branch

COn'gT
C«QL
Cong~
COOPT

Number of
individual

values

16
8
7
3

(av/vL, )z
Expt.

11.4&2.0
9.0&3.4
6.8&2.6
2.6&3.4

(~c/c, )&
Expt. Theory'

23a4 24
18~7 19
14&5 11
6&7 1

(Ac/c )
Kxpt. b

35.1&1.2
27.2a0.5
18.5&0.3
8.3&0.4

(aC/Cl, )g —(AC/CI, )s
Expt. Theory'

12~4 24
9&7 21
4&5 17
2&7 3

a From the calculation of first-sound elastic constants (Ref. 5) and of the difference between the first- and zero-sound elastic constants (Ref. 2).
b Reference 4.' Reference 2.

8 E. C. Svensson, B. N. Brockhouse, and J. M. Rowe, Phys. Rev. 155, 619 (1967).' J. K. Gait, Phys. Rev. 73, 1460 (1948).
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errors are believed to be about two standard deviations
as mentioned earlier. ) It is concluded that a difference
has been observed between the temperature depen-
dence of the high- and low-frequency elastic constants.

These results provide evidence that phonons in KBr
with frequencies of the order of 10"cps in the tempera-
ture range of this experiment do not propagate as erst
sound. That they propagate essentially as zero sound
is suggested by the lifetimes given in. Sec. I.

Although the present study of zero-sound elastic
constants by means of inelastic neutron scattering was
designed specifically to determine their temperature
dependence, it is worth noting that the absolute value
obtained for Cz& at 95'K is (3.9&0.2) &&10" dyn/cm~,
which agrees within experimental error with Gait's'
ultrasonic value of 4.02&&10" dyn/cm'. It is expected
that the difference between the zero- and first-sound
elastic constants (which is zero at O'K) will still be
very small at 95'K.

It is of interest to compare our results with current
theories of zero sound. Cowley' has calculated the
difference in the temperature dependence of the zero-
and first-sound elastic constants of KBr. His differ-
ences may be combined with the temperature depen-
dence of the first-sound elastic constants of KBr calcu-
lated by Cowley and Cowley' to yield the temperature
dependence of the zero-sound elastic constants. The
resulting values given in column 5 of Table III are
seen to be in excellent agreement with the values de-
termined from the neutron scattering measurements
(column 4). However, this agreement is probably
fortuitously good since the theory is not expected to
be reliable to this accuracy.

A comparison of Cowley's' differences (column 8)
with the differences between the neutron and ultra-
sonic results (column 7) shows that his predicted
differences are in the correct relative order and of the
correct sign. This indicates the essential correctness
of the approach used by Cowley. However, the mag-
nitude of the theoretical prediction is larger than ex-
periment by about a factor of two. This may be because
the measurements were not carried out at sufFiciently
low temperatures that the condition for zero-sound
propagation v&)I' held for all the modes; it is known

that, for some longitudinal optic modes, it does not
hold for the lowest frequencies determined in this
experiment. ' Also, the measurements were carried out
at finite though small wave vector, whereas the theory
applies to limitingly small wave vector. Furthermore,
the accuracy of the theoretical predictions is limited

by the approximations made in carrying out the cal-
culations. For example, there is some evidence' that
the same model for anharmonic effects in alkali halides
overestimates the size of effects by 20—30%. Therefore,
we believe that the agreement of theory with experi-
ment is as good as can be expected, although a more
reined calculation would be useful.

IV. CONCLUSIONS

Neutron inelastic scattering from potassium bromide
has revealed that the temperature dependence of the
elastic constants determined at frequencies of the order
of 10" cps is significantly diferent from that of the
elastic constants obtained at frequencies of 10' cps by
Haussiihl4 using an ultrasonic technique. Since the
typical inverse lifetime of most of the modes in KBr
at the temperature of the measurements is less than the
probe frequency for the neutron measurements, this
result has been interpreted as evidence that the modes
studied in the present experiment propagated as zero
sound, while those studied in the ultrasonic measure-
ment propagated as erst sound. Comparison with theo-
retical calculations for first sound' and for the differ-
ence between erst and zero sound' gives agreement
with experiment to within the expected accuracy.

The present experiment shows that care must be
taken in comparing the prediction of harmonic models
of lattice dynamics with experimental data obtained
at high and low frequencies. In particular, force models
determined from neutron scattering results should not
be expected (or constrained) to reproduce the 6rst-
sound elastic constants.
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