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Hard-sphere properties of solid argon-xenon mixtures probed by recoilless resonant absorption
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The Mossbauer effect in '' Sn was applied to obtain information on the local dynamical properties

in frozen Ar-Xe mixtures. The results indicate a softening of the lattice in a composition range be-

tween 5% and 15% Xe in the mixture, and possible dealloying at higher concentrations of Xe. These

results are in excellent agreement with hard-sphere model calculations and with the Hume-Rothery

size rule for alloys.

The rare gases and their mixtures have been the subject
of continuous interest as model systems to understand the
mixing mechanism of simple interacting systems. Since
the interatomic interaction for all rare gases is well known
and the interatomic potentials have been well studied,
much work both theoretical and experimental has been
devoted to the study of rare-gas mixtures in the gas and
fluid phase. On the other hand, very little is known about
the solidification of these mixtures and their properties.

Only in recent years have several publications appeared
on the subject of the crystalline properties and the local
arrangement of rare-gas alloys relative to their respective
atomic sizes and at various concentration ratios. Recent
extended x-ray-absorption fine-structure (EXAFS) stud-
ies' on Xe-Ar, Xe-Ne, and Kr-Ne mixtures have shown
that xenon atoms in argon are statistically distributed on
substitutional sites in the argon lattice up to a xenon con-
centration of 10%, while the krypton in neon demonstrates
clustering already from concentration of 1%. Neutron
diffuse and Bragg scattering measurements on Kr-Ar al-
loys show complete mixing of the components on the
argon-rich side, while the results at 10% Ar in Kr show
the existence of argon-rich microclusters. Earlier extreme
uv absorption spectroscopy studies of solid rare-gas mix-
tures indicate partial dealloying in Xe-Ar mixtures some-
where between 40% and 60% Xe. Theoretical calcula-
tions on the freezing of binary hard-sphere mixtures at
varying size ratios show a variety of phase diagrams for
difl'erent ratios and predict immiscibility in accordance to
the Hume-Rothery size rule. In view of all these results
we have undertaken a study to obtain information about
the microscopic dynamical properties of such mixtures by
utilizing the Mossbauer spectroscopy.

For our first series of experiments we have chosen the
Mossbauer effect in '' Sn in a matrix-isolated molecule
Sn(CH3)4 as our probe. This study was undertaken as
part of an investigation of the behavior of a heavy impuri-
tylike tetramethyltin in all the rare gases from Ne to Xe.
The properties of tetramethyltin make it an ideal impurity
for the study of rare-gas solids and their mixtures. The tin
atom is surrounded by four methyl groups in a tetrahedral
symmetry. The interaction between the molecules in the
liquid and solid form is van der Waals and the Mossbauer
parameters of the Sn atom are identical irrespective of the
surroundings both in the case of the matrix-isolated mole-
cule in all rare gases and their mixtures as in the crystal-

line solid. In the low-temperature region (below 80 K)
all the internal degrees of motion of the molecule are
frozen" making the molecule rigid and giving it properties
similar to a heavy rare-gas atom with a mass of 179 amu.

In this paper we report on our study of the Ar-Xe mix-
tures in the range from 100% Ar to 100% Xe. The experi-
ments were performed as follows. The mixtures of high-

purity rare gases were prepared in a container in molar ra-
tios in the gas form. A small amount of tetramethyltin
was added in 1% atomic concentration. This mixture was
heated to about 60'C and evaporated through a needle
valve on a beryllium window of an exchange gas chamber
in a liquid-helium cryostat. During the evaporation the
pressure in the vacuum shroud of the cryostat was allowed
to rise to 6x 10 ' Torr and the temperature of the sub-
strate to rise to a maximum of 9 K. The temperature of
the frozen absorber could be changed by a heater mount-
ed on the beryllium substrate and the temperature was
controlled with a Si diode in direct contact with the eva-
porated sample.

Mossbauer absorption spectra were obtained by using a
standard 2-mCi '' "'Sn source in the chemical form of
CaSn03. Spectra were recorded at various temperatures
in the temperature range between 7 and 27 K. This tem-
perature range was chosen to insure that no sublimation
takes place which would change the composition of the
sample and to be far enough from the onset of internal vi-

brations in the tetramethyltin molecule. The composition
of the mixtures which were studied started with pure ar-
gon and then varied with xenon concentrations of 5, 10,
15, 20, 30, 50, 70, and 100%.

A typical absorption spectrum is shown in Fig. 1. The
temperature dependence of the total intensity of absorp-
tion for one composition is presented in Fig. 2. Such re-
sults were obtained for each concentration and, as previ-

ously mentioned, the shape, linewidth, and isomer shift of
all spectra at all concentrations and temperatures were
identical. These parameters correspond closely to the pa-
rameters obtained in the solid tetramethyltin and indi-

cate that there is no change in the local chemical environ-
ment of the tin atom.

The intensity of the resonant absorption is proportional
to the probability of the recoilless emission and absorption
of the 7 radiation which is represented by the Debye-
Waller factor. For an impurity case it is quite customary
to evaluate the Debye-Wailer factor in the Debye approxi-
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FIG. l. Absorption spectrum of a CaSn03 source vs a
matrix-isolated tetramethyltin absorber.

FIG. 3. The dependence of the characteristic Mossbauer
temperature on the mixture composition for the argon-xenon
system. The curve is only a guide for the eye.

rnation by assigning a characteristic Mossbauer tempera-
ture instead of the Debye temperature of the host lattice.
This formalism was applied to extract the characteristic
Mossbauer temperature for each composition from the
temperature dependence of the absorption intensity. The
experimental results were fitted by the following formula
for the temperature dependence of the recoilless fraction
in the Debye approximation:

6E, +
4 esr e"—l

Here E„ is the recoil energy of the recoiling impurity upon
absorption of the Mossbauer y energy and e~ is the
characteristic Mossbauer temperature. The temperature
dependence of the Mossbauer intensity for all composi-
tions could be fitted satisfactorily with this model and the
deviations were relatively small, as can be seen in the ex-
ample of Fig. 2.

The results of the concentration dependence of the
characteristic Mossbauer temperatures are presented in

Fig. 3. A pronounced dip in the characteristic tempera-
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FIG. 2. Temperature dependence of the resonant absorption
intensity for the 70% Xe mixture.

ture in the concentration range between 5% and 15% of
Xe, and at higher concentrations the characteristic tern-
perature is constant and equal to the value obtained for
100% Xe.

To check the stability of the frozen mixtures at all com-
positions, the samples were cooled down after the mea-
surement at 27 K and remeasured in a second series. In
all cases this yielded the same characteristic temperatures,
indicating the absence of any kind of local rearrangernent.

The relation of the impurity characteristic Mossbauer
temperature to the lattice-dynamical properties of the
crystalline host is very complex. It involves a change in

the phonon distribution, localized modes, and anharmoni-
city. The theoretical treatment of this problem is limited
to monoatomic cubic crystals in the Debye approximation
and no treatment of alloys and mixtures is available.
Therefore it is not possible to deduce quantitative values
on the host lattice-dynamical parameters. However, we

can assume that the Mossbauer characteristic tempera-
ture is coupled to the frequency moments of the phonon
distribution of the host and that changes in the phonon
distribution of the host crystal will aA'ect the impurity. In
this context we can relate the lowering of the impurity
Mossbauer characteristic temperature in the observed
concentration range with the softening of the host lattice
and local disorder due to size mismatch.

In view of the existing literature on this subject, we can
interpret our results as follows. The atomic size ratio for
Ar and Xe is 0.87. This is very close to 0.85, which the
Home-Rothery size rule defines as being the limiting
value for a stable alloy in a large concentration range. '

By applying the density-functional theory for the study of
the freezing of hard-sphere mixtures Barrat, Baus, and
Hansen have shown that at ratios approaching 0.85, the
solubility of the large spheres in the small spheres is de-
creasing very fast and the crystalline matter becomes
more disordered. On the large sphere side of the phase di-

agram they predict phase separation into pure small

sphere crystals and large sphere-rich crystals. We believe
that our results fit this model extremely well.

Assuming that our probe molecule (r=3.6 /t, ) (Ref.
l l) is behaving in the mixture like a large Xe atom, it will
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follow the Xe atoms in the separation process and our re-
sults show that in the small-atom-size-rich part of the
phase diagram the phonon spectrum of the frozen mixture
shows softening. This softening coincides exactly with the
region derived for ratios of 0.9 by Barrat, Baus, and Han-
sen, ' a region at which they predict an eutectic alloy with
low melting temperature.

Already at a concentration of 20% Xe we observe a
recovery of the characteristic temperature to the value of
solid Xe. This may be explained by the segregation of the
mixture into argon microcrystals and Xe-rich regions that
contain our probe molecule. Indication for such a segre-
gation have been observed by Haensel et a/. in their opti-
cal studies on rare gas mixtures.

In summary, we have demonstrated that by utilizing the

Mossbauer eA'ect important information on the behavior
of rare-gas solid mixtures can be obtained. For the case of
xenon-argon mixtures the results can be interpreted quali-
tatively by the hard-sphere model and show that geome-
trical consideration is the governing cause for the crystal-
lization of systems as similar as the rare-gas atoms.

This work begins a series of studies in which we intend
to probe by similar methods the behavior of other pairs of
rare-gas mixtures with diff'erent radii ratios. A particular-
ly interesting case will be the Ar-Ne mixture for which
the atomic size ratio is 0.82, setting this mixture below the
limiting value of the Hume-Rothery size rule. In future
work we intend to employ Kr and possibly ' Xe as
rare-gas probes for this kind of study.

On leave of absence from Soreq Nuclear Research Center,
Yavne, Israel.

W. Malzfeldt, W. Niemann, P. Rabe, and R. Haensel, in

Proceedings of the International Conference on EXAFS and
Near Edge Structure lll. Stanford, CA 1984 (Springer-
Verlag, Berlin, 1984), p. 445.

2W. Malzfeldt, W. Niemann, P. Rabe, and N. Schwenter, in

Proceedings of the international Conference on EXAFS and
Near Edge Structures. Frascati, Italy, 1982 (Springer-
Verlag, Berlin, 1983), p. 203.

3H. M. Gilder, Phys. Rev. Lett. 61, 2233 (1988).
4R. H aensel, N. Kosuch, U. N ielsen, U. Rossler, and B.

Sonntag, Phys. Rev. B 7, 1577 (1973).
J. L. Barrat, M. Baus, and J. P. Hansen, Phys. Rev. Lett. 56,

1063 (1986).

6S. Bukshpan, P. Hendrickx, K. Milants, and H. Pattyn (unpub-
lished).

7R. V. Parish and R. H. Platt, J. Chem. Soc. A 14, 2145 (1969).
"J. R. Durig, S. M. Craven, and J. Bragin, J. Chem. Phys. 52,

2046 (1970).
9B. Kolk, in Studies of Dynamical Properties of Solids with the

Mossbauer Egectedited ,by G. K. Horton and A. A. Maradu-
din, Dynamical Properties of Solids Vol. 5 (North-Holland,
Amsterdam, 1984), pp. 90-96, and references therein.

' W. Hume-Rothery, R. E. Smallman, and C. W. Haworth, The
Structure of Metals and Alloys (The Metals and Metallurgy
Trust, London, 1969).

''R. Brener and H. Shechter, J. Chem. Soc. Faraday Trans. l

$1, 2339 (1985).


