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Lattice dynamics and phonon line shapes in Ar at high temperatures
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The inelastic neutron scattering technique has been used to measure phonon frequencies and
phonon line shapes in Ar at temperatures of 81 K [lattice constant a=5.465(2) A] and 55 K
[o =5.440{2) A] primarily along the [100] and [110]directions. The 81-K data combined with ear-
lier results for small wave vector by Fujii et al. were fitted to a force-constant model. Detailed corn-
parisons are made of the observed phonon line shapes with those computed from the self-consistent
harmonic approximation with added cubic anharmonicity {Glyde and co-workers) and molecular-
dynamics simulations (Hansen and Klein). The agreement at high temperatures though still quite
satisfactory, was found to be not as good as at low temperatures.

I. INTRODUCTION

The lattice dynamics of rare-gas solids have been the
subject of extensive studies since they represent ideal sys-
tems for testing advanced theories of lattice dynamics as
well as fine details of the interatomic potential of van der
Waals atoms. At low temperatures it is therefore possible
to predict the phonon dispersion curves of rare-gas solids
extremely accurately. ' At high temperatures, however,
the situation is considerably less satisfactory. Typically
the neutron scattering experiments performed at tempera-
tures near the melting point report only the small q por-
tions of the phonon dispersion relations, i.e., the elastic
constants. ' One reason for this is that even for the
heaviest rare-gas solids anharmonicity becomes significant
at high temperatures, and as a result, phonon line shapes
at large values of Q are asymmetrically broadened by
multiphonon processes. It can then be difficult to discern
the "true" one-phonon frequency from the observed spec-
trum. Furthermore, in extreme cases, i.e., for very large
anharmonicity, rnultiphonon processes may become dom-
inant and a one-phonon frequency can no longer be de-
fined.

The earliest detailed calculations of phonons in solid ar-

gon over a wide range of temperatures, that included life-
times as well as frequencies, were carried out by Bohlin
and Hogberg using a quasiharmonic perturbation theory.
More recently, however, significant progress has been
made in calculating theoretical phonon line shapes for
highly anharmonic systems using self-consistent phonon
theories ' and molecular-dynamics simulations. " This
effort was necessitated by the experimental work on sohd
helium ' which is highly anharmonic under all condi-
tions short of very high densities. Thus, for example, the
self-consistent harmonic approximation with added cubic
terms (referred to as SCH + C by Glyde and co-workers )

has been used to compute phonon line shapes to compare
with neutron scattering experiments. This calculation in-
cludes contributions from two-phonon processes and in-
terference terms between one- and two-phonon scattering.

The latter are responsible for the apparent oscillatlons of
the phonon intensities about the harmonic value that are
observed'3 as a function of momentum transfer Q, while

both terms can provide asymmetry in the phonon line

shapes. This theory has been applied to solid helium at
normal3 and high densities, to solid neon at low tem-

peratures, and more recently to argon by Glyde and
Smoes' (referred to as GS subsequently) at various tem-

peratures. In general the SCH+ C approximation gives

very good agreement for the one-phonon frequencies in-

cluding their temperature dependence and qualitatively

reproduces the broad shoulders observed in the line shapes
of high-energy longitudinal phonons.

For higher temperatures, however, the effectiveness of
either the self-consistent phonon theories or the
molecular-dynamics (MD) simulations in accounting for
experimentally observed phonon line shapes is much more
difficult to assess because of the lack of experimental
data. In particular, the neutron scattering work of Fujii et
ttl. ' contains line-shape data for only one phonon, a long-

itudinal mode at Q =(2.5,0,0), as a function of tempera-
ture. It shows a dramatic broadening as the temperature
is increased from 55 to 75 K (Fig. 7 in Ref. 14) which has
not been reproduced in either the SCH+ C calculation'
or the MD simulation. " For phonons with frequencies
greater than approximately twice that of the first max-

imum in the density of states (viz. , when two-phonon pro-
cesses become important) both types of calculations do
give line shapes which broaden strongly with temperature.

Further progress in applying either self-consistent pho-
non or MD calculations to the lattice dynamics of simple
solids up to temperatures near the melting point is, of
course, critically dependent on rectifying the lack of ap-
propriate phonon dispersion and line-shape data men-

tioned above. We have therefore undertaken to complete
the measurement of phonon dispersion relations in Ar
close to the melting point (T~ =83.7 K), for which the
smaH wave-vector portion is already contained in the
work of Fujii and co-workers. ' Following a brief discus-
sion of the experimental details, we will present phonon
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dispersion relations measured at 81 K as well as some
phonon frequencies at 55 K and Born —von Kirman force
constant fits to the data. In this and the final section on

phonon line shapes, this new data will, to the extent possi-
ble, be comparixl with the two types of theoretical efforts
referred to above.

II. EXPERIMENTAL DETAILS

one or more Gaussians were fitted to the observed pro-
fi)es, which were sometimes complicated either by the
multiphonon effects mentioned above or by picking up
contributions from out-of-plane phonons because of the
rather coarse vertical collimation used. In the former case
the fitting procedure was guided by the theoretical results
(e.g., Figs. 10 and 11 of GS) which explicitly show the
two-phonon contribution at high energies.

The growth of single crystals of rare-gas solids for neu-
tron scattering experiments has been described at some
length in previous papers' on this subject and will there-
fore not be repeated here. We utilized these techniques to
grow from the melt a single crystal of Ar in a Kapton
(polypyromelitinide) cell of 6 mm diam and 25 mm
height. After completion of the growth the sample was
held at 8 K and a single crystal of approximately —,

' the
size of the sample cell was found with a [112] axis per-
pendicular to the scattering plane. It was utilized for
measurements of some L[111]and T[111]phonons. Dur-
ing these measurements (i.e., within the first 24 h after
completion of the crystal growth) this grain apparently
annealed into another one with the result that now a sin-
gle crystal with a [001] axis vertical almost completely
filled the sample cell. The rest of the experiment was
therefore limited to measuring phonons along [100] and
[110] directions, and only some of the data taken in the
[111]direction was useful. Several of the phonons used as
examples by GS could therefore not be measured for com-
parison with theory. The crystal mosaic at 81 K was ap-
proximately 20 min full width at half maximum
(FWHM). The quality of the crystal was checked routine-
ly every few hours by scanning Bragg peaks as well as
selected "standard" phonons to ensure that the observed
phonon line shapes were not affected by a possible
deterioration of the crystal. However, the crystal retained
its mosaic at a given temperature. After completion of
data collection at 81 K the crystal was cooled at the rate
of about 1.5 Kjh to 55 K in an attempt to observe line-
shape changes of several phonons as a function of tem-
perature.

Measurements of the phonon groups were performed on
a triple-axis spectrometer at the Brookhaven National
Laboratory High-Flux Beam Reactor in the constant-Q
mode of operation. Monochromator and analyzer were
pyrolytic graphite and higher-order contamination was re-
moved by a graphite filter after the sample. All scans
were made by holding the final neutron energy fixed at
13.7 meV. Horizontal collimations were 20'-20'-40'-40'
(FWHM) for in-pile, monochromator sample, sample
analyzer, and analyzer detector, respectively. The energy
resolution at zero energy transfer for this configuration is
0.57 meV (FWHM).

Since the work of Fujii et a/. ' includes phonons for all
branches at 82 K up to reduced wave vectors of 0.2, we
did not repeat their measurements except for control pur-
poses. Their data were also included in the force-constant
fits to be discussed below. Instead the emphasis of this
work was to observe the line shapes of some of the broad,
high-energy phonons.

In order to determine values for the phonon energies

III. RESULTS AND DISCUSSION

A. Phonon dispersion relation at 81 K

The experimental phonon frequencies in i6Ar at both 81
and 55 K are given in Table I along with their fitting er-
rors. Phonon energies for g=q(a/2m) g0.2 are listed in
Table I of the work of Fujii et al. The measured lattice
constant a was 5.465(2) A at 81 K and 5.440(2) A at 55
K. Both the present data at 81 K (sohd circles) and some
of the data from Fujii et al. (solid squares) are displayed
in Fig. 1 giving the dispersion curves of Ar near the me-
tling point. The T2[110]branch has a polarization vector
perpendicular to the scattering plane of the present experi-
ment and could therefore not be directly observed. In two
longitudinal scans, however, a contribution from this
branch was present on account of the relaxed vertical col-
limation used. This hypothesis was checked with a com-
puter program' which uses force constants to calculate
full dispersion surfaces and then generates a resolution-
broadened line shape for a desired constant-Q scan. These
two points on the Ti[110]branch are thus shown as open
rircles in Fig. 1 and their position is to be regarded as
somewhat less certain. For all the other data the uncer-
tainties are no greater than the size of the points shown.

A Born —von Karmin force-constant model was fit to
the combined high-temperature data and the resulting pa-
rametrization is shown as a dashed line in Fig. 1. For the
[100] direction our data are compared with the results of
the SCH+ C calculation for T=75 K by GS (solid line
in Fig. 1 and in Fig. 4 of GS). While the agreement in
this case is still satisfactory, it is not nearly as good as at
10 K (Fig. 2 of Ref. 14). The relative disagreement shown
for the L[100] branch is most likely the result of the in-
creased importance of anharmonicity at the higher tem-
peratures.

The results of the force-constant fit are given in Table
II and again compared with that at 10 K. The "best"
model for the combined high-temperature data was for
axially symmetric forces to third neighbors. General
force models were not determined well enough because of
the lack of data along some branches and the fact that the
I-point phonons could not be measured as discussed
above. Inclusion of further neighbors resulted in only
marginally better fits and was therefore not considered
significant. It is apparent from the force-constant values
presented in Table II that the nature of the interatomic
forces has not changed markedly with temperature, except
perhaps for a slight increase in noncentral character as
evidence by a larger nonzero value of k izz. In fact, when
the axially symmetric constraints are removed in fitting
the high-temperature data, k]zz becomes very large
though poorly determined. The force constants from
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TABLE I. Experimental phonon frequencies in solid Ar at 81 and 55 K (in meV). Errors given are
statistical only.

0.2
0.3
0.4
0.5
0.6
0.75
0.8
1.0

2.13(2)

3.13(3)

4.52(2)

4.89(5)

2.41(1)

3.84(2)

5.04(2)

5.39(3)

2.18(5)
2.96(3)
4.01(7)

5.66(8)

6.96(7}
7.46(23}

4.49(6)

6.04(3)

7.21(5)

0.15
0.2
0.3
0.4
0.5
0.6
0.7
0.8

1.276(7)

2.55(2)

3.78(2)

4.67(3)

4.19(2)

5.08(3)

2.40(1)
3.14(2)
4.58(3)

6.37(7}

6.03(7)

3.54(4)
5.04(3}

6.96(3}

6.55(2)

0.1

0.2
0.25
0.4
0.5

1.79(3)
2.14(5)
4.20(5)
4.84(5}
6.61(27)
7.09(13)

Table II were used to compute' the phonon density of
states shown in Fig. 2, where the curve for 10 K is simply
a reconstruction of Fig. 3 in the work of Fujii et al.

B. Phonon line shapes

Since most of the recent theoretical efforts on the lat-
tice dynamics of rare-gas crystals have been concerned
with the detailed form of the dynamic structure factor, we
will present in this section a number of relevant experi-
mental phonon line-shape measurements for qualitative
comparison with the work of Glyde and Smoes. ' Where
possible we will also make reference to the MD simula-
tions of Hansen and Klein. " The latter results, however,
typically show much secondary structure (presumably be-
cause of statistical fluctuations) so that line-shape com-
parisons are somewhat more difficult. Most of our data
were taken to bear on the question of the temperature
dependence of the phonon line shapes with less emphasis
on their Q dependence. The latter has already been ad-
dressed at length in previous work on other rare-gas
solids. ' For longitudinal phonons propagating in the
[111]direction in fcc He, for example, the SCH+ C ap-
proximation was used to demonstrate, at least qualitative-
ly, that it is difficult to extract precise one-phonon ener-
gies from the observed scattering at large enough momen-
tum and energy transfers because of a substantial amount
of two-phonon scattering (Fig. 3 in Ref. 12). In addition

to the Q dependence of the phonon line shapes, Collins
and Glyde also addressed the isochoric temperature shift
of the phonon frequencies in fcc He. The latter was a
unique aspect of the high-pressure neutron scattering
work since the crystal could be held at constant volume.
For this strictly anharmonic effect the SCH+ C theory
gave good agreement (viz. , within a factor of 2) with the

Force
constant

k &xx

klzz
k Ixv
k2xx
kzrr
k3xx

k3xz
k3rz

10 K

605(10)
5(14)

633(18)
—24(22)

—3(8)
—5(8)

0(2)
—2(4)

0(4)

503(33)
—16(16)
520(44}

—14(21)
—6(22)

—31(11)
—9(4)
—7(3)

—15(6)

TABLE II. Interatomic force constants (in dyncm '} of
solid Ar at 10 K (Ref. 14) and at 51 K. The values at 10 K are
for a three-neighbor, general force model (model 2 in Table II of
Ref. 14), while the data at 81 K were fitted with a three-
neighbor axially symmetric model. In the latter case one has the
constraints kfxx k$zz —k]xg k3xx k3~—3k3~ and 2k3xx
—2k3n =3k3xz
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FIG. 1. Phonon dispersion relations for solid ' Ar at 81 K. Phonons observed in this work are shown as circles, while data from
Fujii et al. (Ref. 14) are indicated as squares. The dashed lines are force-constant fits to the data (see the text), and the solid line in
the [100] direction are the results of the SCH+ C calculation by Glyde and Smoes (Ref. 10).

experiment as well. The range of temperatures over
which the fcc phase of He is stable is„however, rather
narrow and detailed studies of the temperature depen-
dence of the phonon hne shapes were therefore not possi-
ble in that case.

In the work on Ar, however, the discussion of the
temperature dependence did include data (Fig. 13 in GS)
of a longitudinal-acoustic (LA) phonon with +ra'
=(2.5,0,0) for temperatures between 10 and 75 K. This
phonon had a simple Gaussian line shape at low tempera-
tures and showed a dramatic broadening in going from 55
to 75 K, which the subsequent SCH+ C calculation could
not produce satisfactorily. GS generally found the
broadening of the phonon line shapes with temperature to
be gradual with no abrupt changes in width. Only pho-
nons with energies greater than about 6 meV showed corn-
plex line shapes at high temperatures because of a marked
increase in the computed one-phonon width near that en-
ergy and the increased importance of two-phonon process-
es with temperature.

We would, therefore, like to present several sets of pho-
non groups measured at 55 snd st 81 K for more com-
plete comparisons with the calculations. Shown in Fig. 3
are two T[100] phonons with q=0.75 and at the zone
boundary (X point) along with similar phonons computed
from the SCH+ C theory. The solid lines shown for the
experimental data in Figs. 3—5 are the results of the fit-
ting procedure described in Sec. II. The agreement ap-
pears to be very good, particularly if one considers that
the calculations were performed at larger values of Q, i.e.,
near (0,2,2), whereas the measurements had to be done
near (2,0,0). This may well explain the apparently greater
widths obtained by GS.

The phonon group at the X point should also be corn-
pared with Fig. 16 of GS, which presents a comparison of
the MD simulation of Hansen and Klein with the
SCH + C theory. Again, it should be noted that the zone
boundary point in this figure is at large Q, i.e., (2, 1,1)
versus (2,1,0) in our experiment. Nevertheless, it is ap-
parent that both the line shape and the peak position
given by the SCH+ C calculation agrees better with ex-
periment than does the MD simulation. The experimental
frequency of 4.89 meV falls slightly below the SCH+ C
value (see Fig. 1) but well above the MD result (approxi-
mately 4.5 meV).

36ARGON

T 81K—-T a10K

ENERGY (me V)

FIG. 2. Phonon density of states computed from force con-
stants for ' Ar at 10 K (Ref. 14) and 81 K (present work).



J. ECKERT AND R. %. YOUNGBLOOD

The broadening observed for some L[100] phonons at
high temperatures is shown in Fig. 4. These groups, with
energies at or above 6 meV, appear to refiect the addition-
al width from the increase in I (r0) in this energy range
which the SCH + C theory predicts, when comparcxl with
the T[100] phonons at low energies. However, the change
in width in going from 55 K to temperatures near the
melting point is not nearly as large in our measurement as
that observed for L(2.5„0,0} by Fujii et al. ' The reason
for this is not clear, but it could be related to crystal mo-
saic or different experimental conditions used, i.e., opera-
tion with E; fixed as opposed to Ef fixed in this measure-
ment. Again, the agreement with the SHC+ C line
shapes is qualitatively very good.

While the L[100] phonon with wave vector (2.8,0,0)
(Fig. 4) does not show a significant asymmetry in the line
shape resulting from multiphonon processes, the zone
boundary mode L(3,0,0) has a pronounced shoulder on the
high-energy side (Fig. 5). In order to display the experi-
mental line shape for the phonon clearly a small peak on
the low-energy side was fitted along with the rest of the
phonon group and subsequently subtracted out. This peak
has its origin in the relaxed vertical beam collimation used
in the spectrometer, so that a portion of the T[100] mode
at this zone boundary point can be detected. This subtrac-

tion should not have any effect on the line shape at higher
energies because of its location at low energy and relative-
ly smaller width and intensity. For example, in this case
the peak subtracted out occurred at 4.6 meV with a
FWHM of 1.6 meV and an intensity of about 20% of the
main peak.

Shown in the bottom half of Fig. 5 are the calculated
line shapes for the same phonon at temperatures between
10 and 75 K from GS. Comparison with our experimen-
tal line shapes immediately suggests that, both in terms of
peak position (see also Fig. 1) and line shape, the calcula-
tion which utilizes I (SCH) is in better agreement with the
data than that using SCH + C frequencies. In the former
case cubic anharmonicity is treated as a perturbation
on SCH frequencies when computing S(Q,ro). The
SCH+ C approximation goes one step further by using
the frequencies obtained in this process to calculate the
anharmonic terms (Sii(Q, co),Si(Q, ro) } and phonon
damping. As was pointed out by GS, the effect of cubic
anharmonicity is to lower the one-phonon frequencies rel-
ative to the SCH values. This has the effect that multi-
phonon terms in the SCH+ C approximation also become
important at lower frequencies, and in a case such as the
longitudinal phonon in Fig. 5, the one-phonon peak be-

comes more obscured than when using the higher SCH
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FIG. 3. Line shapes for T[100] phonons at different temperatures and wave vectors. The results of the SCH + C calculation (Fig.
14 of Ref. 10) are shown on the left and present experimental results at 55 and 81 K on the right. Solid lines in the experimental data
represent fits as discussed in the text.
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IV. CONCLUSIONS

frequencies. Finally, it would appear that the multipho-
non terms that give rise to the shoulder at high energy in
the phonon group in Fig. 5 are more strongly temperature
dependent than either approximation shown in the lower
half of this figure.

l.5—

cR (0

i

f I 00 ] L I 3,0,0)

5.o t .0 7.o 80 e.o ~o.o
ENERGY TRANSFER hm(meV)

FIG. 5. Observed and calculated IFig. 7 in Ref. 10) line
shapes for the L[100] mode at the zone boundary (3,0,0) as a
function of temperature. Theoretical results shown use either
SCH I,'upper part) of SCH+ C frequencies in the computation
of the one-phonon width I and the two-phonon scattering, S..

to point out that both the self-consistent phonon calcula-
tions and MD simulations referred to by us may well be
improved in different ways. In the case of the MD work,
the use of a more realistic potential than the Mie-
Lennard-Jones (12-6) potential may result in better agree-
ment with the experimental frequencies. The SCH and
SCH + C calculations, on the other hand, not only need
to be made fully self-consistent (as pointed out by the au-
thors' ) but may, at high temperatures, also profit from
taking hard-core effects into account explicitly. However,
we should add, that in any case we consider the general
agreement of either computation with our results both on
line shapes and frequencies of such an anharmonic system
quite remarkable.
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