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Phase diagrams of Ar—Xe, Kr—Xe, and Kr—CO
binary alloys
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Using the powder x-ray diffraction method, the phase diagrams of the binary systems Ar-Xe, Kr~Xe, and Kr—CO
have been studied. The molar volumes of these solutions versus temperature and composition have been determined
within the homogeneity regions. A considerable deviation of the solubility from the Hume-Rosery rules (which is valid

for metal alloys) has been found.

Atomic and molecular impurities in cryocrystals
make it possible to change substantially many of their
properties such as lattice dynamics, phase transi-
tions, phase stability, etc. Therefore, of considerable
interest is to study the T—x phase diagrams of various
binary cryocrystal systems. Mutual solubility of the
components and the shape of the phase diagrams are
to a large extent controlled by the difference in their
molecular parameters (o and ¢) and in the nature of
the interaction between the particles.

In this report we studied the phase diagrams of
three binary systems, Ar-Xe, Kr-Xe, and Kr-CO.
The atom-atom interactions of the constituent com-
ponents in the Ar—Xe and Kr—Xe systems can be de-
scribed by a Lennard-Jones-type potential, whereas
the difference of the o parameters amounts to 13 and
8%, respectively. In the CO—Kr system the difference
in o is small (49%), but the interaction between CO
molecules is noticeably anisotropic due to the large
quadrupole moment of the CO molecule [1]. Accord-
ing to the Hume-Rosery rules [2], at least for the last
two systems one could expected unrestricted mutual
solubility. At the same time, as established in vapor
pressure measurements by Heastie and Lefebvre [3 ],
the Ar—Xe system exhibits an eutectic point at T =
=(823+0.6) K and an Ar concentration of
23.5x0.5)%.

As was established in electron diffraction studies of
Kovalenko et al. [4] on quench-condensed Xe—Ar
films of thickness 80—200 1&, a wide region of separa-
tion exists at low temperatures. The solubility of xe-
non in argon for thin films turned out to be much
higher then expected from the equilibrium phase dia-
gram [3].

For the Kr—Xe system, Heastie has shown [5] that
the liquidus and solidus have points of equal con-
centrations at a temperature of 114.1 K and a xenon
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concentrations of 159, which also does not rule out a
possibility of the solution to separate in the solid
state. This conclusion is in line with the previously
evaluated critical separation temperature of Freeman
and Halsey [61, which was 92 K specifically for the
Kr—Xe solutions. At the same time, electron diffrac-
tion studies of Kr—Xe condensates of thickness from

10 to 100 A in the range of Kr fractions from 10 to
909, and temperatures 6 to 45 K [4] did not reveal
any indication of the separation.

The melting diagram of the Kr—CO system is un-
known. Solubility in the solid was studied by electron
diffraction by Kovalenko et al. {7 ], who found that in
the region of intermediate concentrations a phase se-
paration of thin-film Kr—CO samples occurs at low
temperatures. They observed amorphous states when
the mixtures of compositions with more than 409, CO
were quench condensed on 7 = 2.3 K. These film
recrystallized, forming hep crystals, when warmed up
above 15 K.

Experimental

The studies were carried out using the x-ray dif-
fraction method at temperatures from 6 K to the melt-
ing temperatures of the mixtures in the range of Kr
and Xe concentrations from 2 to 99%, on polycrystal
samples, the purity of the source components being
99.99%.

The samples of solid solutions were prepared by
condensation of gas mixtures of preset concentrations
on a substrate cooled to a temperature of 40 K for the
Ar-Xe and Kr—CO systems and 60 K for the Kr—Xe
system. The samples were annealed at a tempera-
ture 10 to 30 K higher than the deposition iempera-
ture during 30—40 min. The position of the bounda-
ries of the phase diagrams were determined from the
structure of the phases and from lattice parameters as
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functions of temperature and composition. The ac-
curacy of the lattice parameter determination in the
mixtures was * 0.04%. The phase boundaries and
the points of three-phase equilibrium were on the ave-
rage determined with an accuracy of * 29, in con-
centration and + 1 K in temperature.

Results

The phase diagrams thus obtained are shown in
Figs. 1-3. The Ar-Xe and Kr—Xe systems exhibit a
phase separation in the solid in a wide range of
temperatures and compositions. The difference is
that in the latter case the separation occurs not as a
result of an eutectic reaction, as is the case for the
Ar-Xe system, but below a critical concentration
point with T = (75 *+ 2) K. The exact concentration

position of the critical point has not been established
owing to the broad flat crest of the separation curve.
The difference of the fccy, and fec phase in the

Kr—Xe system is likely to be due to the amount and
character of the inhomogeneous strain displacements
in the krypton-based and xenon-based solutions. In
* both systems the solubility below 50 K is low, reach-
ing (3= 1)% of krypton in xenon-and (4 £ 1)% of
xenon in krypton for the Kr—Xe system and, for the
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Fig. 1. Phase diagram of Ar-Xe mixtures: data of this work
( ); tentative position of the solidus-liquidus curve
( — — —); from Heastie and Lefebvre {3} (- - - +).
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Fig. 3. Phase diagram of Kr—CO mixtures: data of this work
( ); hypothetic position of the equilibrium lines ( — — —).
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the single-phase regions are summarized in Tables 1

38 and 2.
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Fig. 4. Temperature dependence of the molar volume of Kr—Xe 40 3510 — 35.24 23.16 23.026
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xenon in argon at the eutectic point for the Ar-Xe 25 35.93 _ 36.03 | 2433 | 24.198
system. By contrast, the solubility of argon in xenon 78.17 . 35.04 . _ _
is almost constant within the whole range of existence 80 36.16 | 2457 | 24.434
of solid solutions. Our data for the high-temperature 83 - _ _ _ 23.588
region agree well with those of Heastie and 85.10 — 36.15
Lefebvre [3], but for lower temperatures we find a b
weaker solubility in bulk samples as compared to the ? Seprs and Klug [8]; ~ Granfors etal. [10]; € this work;
thin-film solutions of Kovalenko et al. [4]. A notice- Peterson etal. [11].
able change of the mutual solubility in the Kr—Xe Table 2

system was found to occur in the close vicinity of the

critical point (Fig. 2). By comparing Figs. 2 and 4, the
variation of the lattice parameters and the molar
volumes with temperature and concentration along

and Kr concentrations (in cm>/mol)

Molar volumes of the Kr—Xe solid solutions at various temperatures
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Fig. 5. Temperature dependence of the molar volume of Kr—CO

solutions.
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Temperature , K

In contrast to the binary systems of the rare gases,
the phase diagram of the Kr—CO system (Fig. 3) is
more complex in form, and, besides the critical point,

Fizika Nizkikh Temperatur 1996, v. 22, No 2



CRYOCRYSTALS’95 Workshop

exhibits peritectic, monotectoid, and eutectic points
of three-phase equilibrium. This is due to the rotation
subsystem of the molecular component present in the
given solutions. As the temperature is lowered, the
quadrupole-quadrupole interaction in pure CO drives
a polymorphic transformation from the high-tempe-
rature disordered B-phase of symmetry P6,/mmc to

the ordered a-phase of symmetry Pa3 [1]. The
phases 8, and B, in the solutions (Fig. 3) are isostruc-

tural (hcp) and differ in the degree of hindrance of
the rotational staie of the CO molecuies; this dif-
ference vanishes at the critical point. Our diagram of
Fig. 3 resembles the ones previously constructed by
us for the N,—Ar [12]and Ar-CO [13] systems with
the distinction that the domain of the isostructural
PB-phases is much narrower in concentration. Effect of
impurities on the molar volumes of Kr—CO solid mix-

tures are quantitatively illustrated in Fig. 5 and
Table 3.

Table 3

Molar volumes of the Kr—CO solid solutions at various
temperatures and Kr concentrations (in cm3 /mol)

T, | 1009 x, %Kr

K| CO 2 3 5 10 95 100

6| 27.11 | 27.15 | 27.17 | 27.23 | 27.30 | 27.39 | 27.10
10| 27.11 27.24 | 27.32 | 27.41 | 27.11
1§ | 27.16 | 27.19 | 27.22 | 27.27 | 27.35 | 27.44 | 27.14
20| 27.19 | 27.24 | 27.27 | 27.33 | 27.42 | 27.48 | 27.20
25| 27.28 | 27.33 | 27.36 | 27.41 | 27.49 | 27.55 | 27.27
30 27.39 | 27.44 | 27.46 | 27.52 | 27.60 | 27.62 | 27.36
35| 27.52 | 27.57 | 27.60 | 27.66 | 27.74 | 27.71 | 27.45
40 27.69 | 27.73 | 27.76 | 27.82 | 27.90 | 27.82 | 27.55
451 27.89 28.02 | 28.11 | 27.91 | 27.66
50| 28.13 | 28.18 | 28.21 | 28.27 | 28.36 | 28.03 | 27.77
551 28.45 | 28.51 | 28.55 | 28.60 | 28.68 | 28.15 | 27.89

60 — — — — 28.28 | 28.01
70 — — — — —_ 28.55 | 28.28
80| — — — — — 28.84 | 28.57
90| — — — — — 29.16 | 28.88
100} — -— — — — 29.52 | 29.25

Two facts are noteworthy here. First, in spite of the
coincidence of the molar volumes at low temperatures
of pure krypton and carbon monoxide, dissolution of
the molecular impurity of carbon monoxide in the
krypton matrix as well as of krypton atoms in the
a-lattice of carbon monoxide entails an increase of
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the volume of solid solutions. This is evidence that the
host-guest interaction differs substantially as com-
pared to the intra-matrix interaction. Second, the mo-
lecular impurity affects much stronger the lattice of
the atomic crystal as compared to the atomic impurity
in the molecular crystal. At equal concentrations of
impurities, the excess volume per impurity is larger in
the former case by a factor of 3.

In conclusion we shall discuss a fundamental ques-
tion that arises from results of this work. All the bi-
nary alloys of cryocrystals exhibit at low temperature
a restricted solubility of the initial components, not-
withstanding the fact that the difference of the atomic
(molecular) radii does not exceed 15%. This is in
shear contradiction with the Hume-Rosery rules [2],
which are usually fairly consistent for solid solutions
of various metals. Even in such a system as Ar—Kr,
where the difference in atomic radii amounts to 6%,
cluster formation can be observed [15] within a cer-
tain concentration range, which is evidence of inho-
mogeneity of these solutions and of a precursor of
their separation. Thus, we may conclude that, unlike
in the metal systems, in binary alloys of cryocrystals
the solubility-restricting mechanism is of different
physical nature.

The autors are deeply indepted to A. P. Brodyan-
skii and M. A. Strzhemechny for a fruitful discussion
of the results.
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