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Interionic potentials have been constructed to describe the lattice dynamics of the alloy Rb»K». Using
these, computer-simulation molecular-dynamics calculations have been carried out for a system of 432
particles, periodic boundary conditions being used to approximate the infinite system. The results show that
considerable local structural relaxation occurs around the K atoms. The dynamical structure factor S(pa&)
has been calculated for selected wave vectors corresponding closely to those studied experimentally by
Kamitakahara and Copley. There is excellent agreement with the experimental data where comparison is
possible, both with respect to the local modes and to the host lattice frequencies.

I. INTRODUCTION

During the past few years a considerable effort
has been expended in the study of various proper-
ties of alloys. Both theoretical and experimental
investigations of electronic, magnetic, lattice-vi-
brational, mechanical, etc. properties have add-
ed a great deal to our understanding of these sys-
tems. Conceptually, the lattice-dynamical proper-
ties are possibly the easiest to understand upon
alloying a material. Local modes are easily vis-
ualized, and a qualitative feeling for frequency
shifts can often be otained by using simple mass
defect arguments. But a detailed theoretical under-
standing of these features, particularly in the
presence of anharmonic effects, can be very com-
plicated. For many of the systems studied experi-
mentally [e.g. ,' Ni(Pd) and' Cu(Al)], a good theo-
retical treatment of the lattice dynamics of the
pure constituents has not yet been obtained. Hence
a quantitative theoretical understanding of these
alloys is, at present, well-nigh impossible. How-
ever, there is one alloy system for which good
data are available and which is within the scope of
present-day theory. This is the Rb-K system. Ka-
mitakahara and Copley' have used inelastic neutron
scattering to study [8)0]1.and [$00]T phonons of
Rb, —,K, at three concentrations (c = 0.06, 0.18, and
0.29) and three temperatures (10, 85, and 190 K).
A particularly interesting feature of these mea-
surements is the presence of a local mode associ-
ated with both phonon branches at high. frequencies.
This mode, which grows in intensity as c is in-
creased, appears to be associated with the'. emotion

of K ions (M»= 2.18MK, where M is the ionic
mass). Its position is virtually independent of tem-
perature, and it exhibits some dispersion. A good
test of a theoretical treatment would be to see
whether these modes, as well as those of the host
crystal, would be predicted at the correct frequen-
cies, and whgther the correct relative intensities
would be obtained.

From a theoretical point of view, Hb, ,K, is a
good system to study. Both constituents are alkali
metals which, because of their relatively simple
band structure, are generally the least complica-
ted of all metallic systems to deal with. There
are, however, some difficulties with Rb which will
be discussed in Sec. II. Assuming, then, that a
good description of both Rb and K metals can be
utilized, a study of the alloy system will shed a
great deal of light on the general usefulness of the
technique employed. One such technique that has
been used by several authors' ' is the coherent-
potential approximation (CPA). This is a mean-
field type of approach that has frequently been
successfully employed to describe electronic den-
sities of states in random alloys. In the first at-
tempt to use the CPA to describe the lattice dyna-
mics of Hb-K, Kamitakahara and Copley' simp. .y
described the K ion as a mass defect, with no
change of force constants. Qualitatively, their re-
sults showed the same features as the experimen-
tal data, but the calculated peaks were in the
wrong positions as well as being poorly differenti-
ated and not alway. s having the right widths.

Mostoller and Kaplan4 attempted to improve on
the Kamitakahara and Copley calculations. They
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included nearest-neighbor radial force constant
changes by using an extension of the CPA in which
the forces superimposed linearly. The remainder
of the force constants were treated in the virtual-
crystal approximation. This resulted in better,
but still not satisfactory, agreement with experi-
ment. In particular, the local mode was rather
poorly defined.

A further extension of the CPA approach has been
employed by Grunewald and Scharnberg. ' These
authors used the microscopic description of Price
et al."for pure K and Bb, and recalculated the
force constants at an electron density appropriate
to the alloy. They then averaged the force con-
stants to produce an effective force-constant ma-
trix and an effective density of states for a period-
ic lattice. The procedure results in a further im-
proved agreement with experiment, the peak posi-
tions being generally correct. However, neighbor-
ing peaks are not differentiated nearly so sharply
as in the experiment. This appears to be a basic
feature of any CPA calculation simply because of
its mean-field character.

In this paper, we apply the classical molecular-
dynamics (MD) procedure to the Bb-K alloy prob-
lem. This avoids the concentration averaging im-
plicit in the CPA approach, and also allows for the
inclusion of anharmonic and multiphonon effects.
This technique is particularly useful where the
constituents are of a different size, giving rise to
size effect distortions and destroying the lattice
periodicity. The chief disadvantage of a MD calcu-
1.ation is the cost involved. This has the effect of
limiting the size of the cluster of Rb and K ions
considered, and, therefore, the number of phonon
modes that can be analyzed. Also, in our case, we
were able to afford to study only one concentration
(c = 0.29), one temperature (80 K), and one random
disposition of ions in the lattice. This was still
sufficient to provide a meaningful test of our des-
cription of the alloy, and to allow us to compare
our results with the CPA calculations. Not sur-
prisingly, we found that the peaks in the MD run
were more clearly defined than in the CPA results.
In general, the agreement with experiment was
very good, and we feel that our results provide a
good understanding of phonons in the Rb-K system.

Another motivation for performing a MD calcula-
tion is that it provides a good, direct test of the
CPA. The model is well defined, and a meaningful
comparison of techniques becomes possible if the
same force constants are employed. Our force
constants for all three types of interactions in the
alloy are available from the authors on request.

In Sec. II, we give the details of our description
of the alloy and our calculations. We then present
our results in Sec, III, witha summary in Sec. IV.

II. DETAILS OF CALCULATION

A. Interionic potentials for the alloy

To describe the Rb-K alloy system, three pair
potentials were required. For the K-K interaction
V„K(r), we used the potential of Dagens et al.'
(DRT), recalculated at the appropriate electron
density for the alloy. This potential has been
shown to give an excellent account of the lattice dy-
namics of pure K.' '

A good description of Rb is rather more compli-
cated than that of K. The problem stems from the
fact that at pure Rb density the compressibility of
the electron gas is close to zero, and is conceiv-
ably negative. Hence the normal approach of a
pseudopotential-perturbation calculation, based on

. the electron gas as the zero-order approximation,
is rather dubious. This is because one is starting
with a thermodynamically unstable system to pro-
vide a description of one which is thermodynami-
cally stable. The way out of this dilemma, adopted
by Price et al. ,"was to scale the electron gas den-
sity parameter x, by the band-structure effective
mass m*, which then meant that one was dealing
with an effective density for which the electron gas
compressibility was large and positive. The phys-
ical meaning of this approach is not clear, but it
bears a close resemblance to Kukkonen's" sugges-
tion that the effect of the large core polarization of
Rb could be taken into account by a suitable scaling
of x„also in the direction of large, positive com-
pressibility. These ideas clearly warrant further
investigation, but the interesting feature is that by
use of the Ashcroft pseudopotential, with suitable
choice of the model radius parameter R, and ad-
justment of m*, Price et al."obtained a good fit
to the observed Rb phonon dispersion curves.
Also, their potential was found by Rahman" to be
in excellent accord with the collective excitations
in liquid Rb. Hence despite the obvious objections,
we have taken the pragmatic route of performing a
similar calculation to that of Price et al. , our rea-
soning being that, for the problem at hand, such a
description of Rb should be adequate. To be pre-
cise, we chose R, =2.45, m*=0.852, and used the
Geldart and Taylor" dielectric function to screen
the Ashcroft model potential.

For the Rb-K interaction V~~K, the appropriate
Rb and K model potentials were combined, with m*
scaled to a value of 0.926, to produce an impurity
potential as described by DRT and as applied pre-
viously to impurity problems' and alloys. "

B. Quasiharmonic lattice dynamics of Rb

As a test of our description of Rb, we have cal-
culated quasiharmonic frequencies for a lattice
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tematically smaQer. Nevertheless, the calcula-
tions give a rather faithful reproduction of the rel-
ative values. A detailed examination of the actual
shift in phonon frequency, induced by a given vol-
ume change, appears to generate data in good
agreement with the actual measurements of Copley
et al." Hence we believe that their error bars are
somewhat optimistic.

The interest in obtaining GrQneisen parameters
is due to the fact that our model must be able to
account for volume changes and their effects on the
lattice dynamics. For example, a I /g change in the
Rb-K nearest-neighbor separation would generate
approximately a 4/z shift in a phonon frequency (cf.
Table I). As we shall see, important local relaxa-
fions do occur in the alloy. We conclude from
these results that the description of pure Rb is
very satisfactory.

C. Structure of the alloy

FIG. 1. Phonon dispersion curves for symmetry direc-
tions in solid Bb. Experimental points (Ref. 16)andquasi-
harmonic calculations (solid curve are for T=12 K
(a = 5.585 A.).

parameter of a =5.585 A for eight shells of inter-
acting neighbors. The results are shown in Fig. 1
and compared with the measured frequencies of
Copley and Brockhouse" at 12 K for the [($0] and

[$00] directions. There seems to be good overall
agreement, with a small systematic error for the
[$00]T branch, the calculations being about 0.04
THz too high at the zone boundary. This discrep-
ancy may reflect the fact that we used only a local
pseudopotential description of Rb. It may also be
due, in part, to anharmonic effects, since it is
known that this &, branch, and H» point in particu-
lar, has the largest anharmonic shifts. "

Copley et al."have measured the temperature
and volume dependence of selected phonons in sol-
id Rb. Using data at four temperatures (80, 150,
230, and 295 K) they computed average values for
the zero-pressure mode Gr6neisen parameters y,
= —(sin&a, /elnV). These are listed in Table I along
with our calculated values, which seem to be sys-

The system consisted of 432 particles arranged
on a bcc lattice, 125 of which were randomly cho-
sen to be K atoms. Periodic boundary conditions
were used to simulate an infinite system. The a-
toms interacted with the appropriate interatomic
potentials described earlier, namely, VK „, V„~K,
or V»», truncated after eight shells of neighbors
(2.5a). In this way, a given atom interacted with
112 atoms. Previous studies of solid Na and K
have shown that such a procedure represents the
optimum compromise between accuracy and com-
puter time. " The classical equations of motion
for this system were integrated using the Verlet
algorithm and a time step of 3 x 10 ' sec. An ini-
tial run of 1.000 time steps was carried out at a
temperature of about 80 K. This temperature is
much less than the melting point (330 K), but yet
greater than the Debye temperature, so that clas-
sical mechanics should apply on the one hand, and
anharmonic effects should be relatively unimpor-
tant on the other. The molecular-dynamics data
were stored every fourth time step on a magnetic
tape. At the end of this initial run, certain proper-
ties of the system were examined. For example,
the rms amplitudes of the K and Rb atoms were

TABLE I. Mode Gruneisen parameters for rubidium. Experimental values are taken from
Copley et al. {Ref.18).

Direction Polar ization
Reduced wave vector

&
= aq/2~ y(expt) y(cale)

fgool

f&&0]

f&00)

I

Ti
T

0.20
0.20
0.30
0.20

2.15+0.23
1.65 +0.07
1.31+0.25
0.99 + 0.13

1.5
1.3
1.0
0.7
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FIG. 2. Spherically averaged radial distribution func-
tions for the alloy at 80 K, gRb R& (r) (solid curve),
gz„K (r) (dotted curve), gK K (x) (dash-dot curve). Ver-
tical lines refer to the nearest-neighbor separations for
pure Hb, the alloy, and pure K at 80 K.

found to be 8.1% and 7.8% respectively, of the
mean nearest-neighbor separation of the alloy
(4.768 A). The spherically averaged radial distri-
bution functions, g„~»(w), and g„~„(x), and

g„„(r),were examined and results for the two
' closest shells of neighbors are shown in Fig. 2.

From this figure we see that considerable local
relaxation occurs and that the alloy is far from
homogeneous in density. Recall that our choice of
lattice parameter, 5.506 A, was taken from a lin-
ear interpolation between that for pure K a
= 5.251 A and pure Rb a = 5.610 A at 80 K, previous
experiments having shown that this K-Rb alloy fol-
lowed closely such a law, at least at room temper-
ature. "The corresponding nearest-neighbor sepa-
rations for bcc K and Rb are 4.548 and 4.858 A, re-
spectively, and these distances are indicated in Fig.
2 along with the mean nearest-neighbor separation,
4.768 A, expected for the alloy. The actual near-
est-neighbor separations found in our computer
simulation are seen to differ considerably from
the mean value. The alloy thus appears to undergo
local relaxations such that the environment of a K
atom tends to be compressed, while that of a Rb
atom is expanded. To appreciate the importance
of these relaxations, we note that equivalent dila-
tions of pure Rb and K crystals would lead to ap-
proximately a 5% softening of the Rb zone-bounda-
ry frequencies and a 7% hardening in K. These

figures are based on the calculated Gr6neisen pa-
rameters of Table I for Rb and Ref. 9 for K. Since
the total measured shift of the local K mode out of
the host band is about 20% at the zone boundary, in
principle these dilations can account for half of the
effect. To date, such effects have not been incor-
porated in analytical theories of the dynamics of
alloys.

Certain preliminary studies were also carried
out on the dynamical properties, and these indi-
cated reasonable accord with observed phonon fre-
quencies. " The molecular-dynamics run was then
extendecf for approximately 15000 steps in order to
improve the statistics for the calculation of phonon
frequencies. This course was chosen rather than,
say, averaging the results of three clusters run
for 5000 steps, because it was felt that at the 29%
concentration little was to be gained from averag-
ing over additional random dispositions, whereas
it was important to average out as much noise as
was practical. ' The results are described in Sec.
III.

III. DYNAMICAL STRUCTURE FACTOR S(Q, u)

The experimental neutron scattering study of
Kamitakahara and Copley' revealed the existence
of a well-defined local mode for the Rb»K» alloy
for the high-frequency phonons of the [001]T and
[110]Lbranches. As indicated in the Introduction,
CPA calculations have not given an entirely satis-
factory description of the measured S (@,&u). One
reason for this would appear to be because the
mean-field character of the CPA cannot take ac-
count of the local relaxations described in Sec. II.
The MD computer simulation, in allowing for this
effect as well as avoiding other mean-field approx-
imations, goes beyond the CPA. Our preliminary
study" of Rb»K2g revealed the clear differentiation
of peaks that was observed experimentally, and
demonstrated the usefulness of the technique as
mell as the importance of the effects that cannot be
included via a CPA approach. Encouraged by these
results, we have carried out the detailed study re-
ported here.

The neutron scattering experiments are related
to the dynamical structure factor S(Q, &u), where
Q and &o are the momentum and energy transferred
to the crystal by the neutrons. Following van Hove,
this can be related to the Fourier transform of the
intermediate scattering function F(Q, t):

S(Q, (u) = F(Q, t)e'"'dt,
~ 00

where the intermediate scattering function is given
by the following ensemble average, which is eval-
uated by molecular dynamics:
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FIG. 10. S(Q, cu) (heavy curve) for Q*= (12,1~,1). See
Fig. 5 for the definitions of the other curves.

an approximation to the experimental resolution
function and also reduces our noise level some-
what. Comparison of the one-phonon approxima-
tion with the full S(Q, v) for the wave vectors in
question shows that at this temperature, 80 K,
multiphonon effects appear to do little except pro-
vide a background with little structure. We have
made no specific comparisons with the S(Q, &u) data
since these will be published later, but reference
to the unpublished work' shows excellent agreement
between theory and experiment.

The most striking features of the simulations are
the large widths calculated for the host lattice
mode with Q*=(2, 2, —',) (Fig. 6) and also the (FWHM
of -0.2 THz) large width for the local mode Q*
=(2, 2, 1) (Fig. 7). With reference to the latter fig-
ure we should point out that this differs somewhat
from our preliminary results, "because in that
work we made use of an outdated value of the RB
scattering length. "

The molecular-dynamics results for the host
lattice and local mode frequencies are shown as
squares on Fig. 11. Also shown in this figure are
the harmonic frequencies calculated for Rb and K
at a lattice constant of 5.506 A. It can be seen
that the dispersion in the local mode and its fre-
quency correlates quite strongly with the harmonic
calculations for a pure K lattice at the appropriate
density. Shown in the figure as circles are the ex-
periment peak positions taken from the work of
Kamitakahara and Copley. The agreement between
our molecular-dynamics simulation and experiment
is remarkably good, particularly for the large
negative shift in the host lattice frequency for the
Q* =(2, 2, 1) point.

0.5

0.5 0.5 I.O

FIG. 11. Phonon dispersion curves for the RbvfK2g
alloy. Calculations are for T = 80 K (a = 5.506 A) and ex-
perimental points (Ref. 3) (open circles) are for T= 10K.
Solid squares are the results of the MD computer sixnulation.
For the Z3 and Z4 modes the solid lines are the quasi-
harmonic calculation for pure Rb at the alloy lattice
parameter. For the Z~ and 4& modes the solid lines are
the quasiharmonic calculation for, in order of increasing
magnitude, pure Rb, pure K, and K in Rb, all at the
alloy lattice parameter.

IV. SUMMARY

We have carried out detailed calculations of
S(Q, &o) for the alloy Bh»K» at 80 K. For input we
have used descriptions of Rb and K which give an
excellent account of the lattice dynamics of the
pure systems. The Bb-Rb and K-K potentials were
recalculated at the appropriate alloy electron den-
sity and the cross interaction V„~„was calculated
using a standard approach with no adjustment of
parameters to fit alloy properties. The local
mode associated with the motion of the K atoms is
clearly seen and identified for Q*=(2,2, 1), (2, 2,
3), (2—,', 2 —,', 0), and (2—,', 2 —,', 0). There is good agree-
ment with the 10-K experimental results of Kami-
takahara and Copley, both with respect to the host
lattice frequencies and the position of the local
mode. Our calculations show that important local
relaxations do occur in the alloy. We. feel that any
theory of the dynamics must necessarily incorpor-
ate such effects if a good account of the real sys-
tem is to be expected.
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