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Orientational glasses with gas molecules occupying the octahedral interstitial sites in
the Cg lattice have been investigated by the dilatometric method in a temperature interval
of 2.5—23 K. At temperatures 4—6 K the glasses undergo a first-order phase transition
which is evident from the hysteresis of the thermal expansion and the maxima in the
temperature dependences of the linear thermal expansion coefficients of7T) and the ther-
malization times 1,;(T) of the samples. The effect of the noncentral CO-Cg, interaction
upon the thermal expansion and the phase transition in these glasses was clarified by
comparing the behavior of the properties of the CO-Cgy and N,—Cg, solutions.

B unrepsane remneparyp 2,5—23 K BBIIOJHEHBI AUJIATOMETPUUYECKNE MCCICIOBAHUA OPHU-
eHTaIllmOHHBIX cTeKos Cg, ¢ 3aIoJHeHHeM MOJIeKyJIaMM I'a3oBBIX IIpHMeceil OKTasApUUecKUX
MeKIoysnuil pemietku GyJiepura. B remmeparypuom uuTepBase 4—6 K B ucciegoBaHHBIX
cTekJgax Habaozasoch ()asoBoe MpPeBpAI[eHUEe IIEPBOTO POJa, MOATBEDPIKIaeMOe TICTePe3ucoM
TEIJIOBOI'O0 PACIINPEHUs, IPUCYTCTBNEM MaKCHMYMOB Ha TE€MIEPATYPHBIX 3aBUCUMOCTIX KO-
apunmenTa TUHEHHOrO TEIIOBOTO PACIHIMPEHHs U BPeMeHHW TepMaJM3aluu T, oOpasIioB.
Comocrasnenne moeeneHus csoiicTe pactBopoB CO-Cgy m N,—Cgy mosBosmiao ycraHOBHUTH
BINAHIE HelleHTPAJIBLHOIO B3aUMOJeHCTBUA MOJIEKYJ IpuMecel ¢ monexynamu Cgy Ha Temyo-
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BOoe paclivupeHne M3y4YeHHBbIX CTEeKOJI U (1)&30B0€ IIpeBpallleHre B HUuX.

Below T =90 K, fullerite Cgy is trans-
formed into an orientational glass. Accord-
ing to dilatometric and X-ray structural
data [1-7], the gases dissolved in Cgy effect
significantly the glass thermal expansion
and cause a first-order phase transition
(polyamorphism) therein. It is of interest to
study the effects of the gas impurity mo-
lecular parameters on the properties of Cgg.
To judge accurately of a certain molecular
parameter, we must choose gas impurities
that differ mainly in this particular pa-
rameter. In the case of biatomic gases, it is
convenient to assess the role of the impu-
rity-matrix interaction by comparing the be-
havior of CO-Cgy and No—Cgq solutions. In
contrast to O,, CO and N, molecules do not
react chemically with Cgy at the tempera-
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tures to which Cgy has to be heated to
desorb the volatile impurities. These mole-
cules are essentially identical in molecular
weights (M(CO) = 28.0105, M(N,) =
28.0134) and close gas-kinetic diameters
(o(CO) = 8.766 A, o(N,) = 3.756 A) [8], but
they differ significantly in electric quadru-
pole moments @ (Q(CO) = —2.839-10726 esu,
Q(Ny) = -1.894-10726 egu) [9]. It is evident
from the discussion below that the quadru-
pole moments are the main factors deter-
mining the effect of these impurities upon
the low-temperature thermal expansion and
polyamorphism of Cgg.

The dilatometric data on orientational
Cgo glasses with molar N, concentrations
(N5-to-Cgg molecule ratio) of 9.9 % and
100 % were published in [3].
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Fig. 1. Temperature dependences of the linear thermal expansion coefficient for CO-Cg, solutions
in temperature intervals 2.5-23 K (a), and 2.5-8 K (b). Curves 1 and 2 correspond to heating of
26 mol. % and 90 mol. % CO-Cg, samples, respectively; curves 3 and 4, to cooling of 26 mol. %
and 90 mol. % CO-Cg, samples, respectively. The dotted line (5) is for pure Cg, for either heating

or cooling the sample.

The impurity (N,, CO) molecules occupy
the octahedral interstitial cavities in the
Cgp lattice, which has one octahedral cavity
per Cgg molecule. In the experiments, the
molar CO and N, concentrations were equal
to the N, and CO occupancies of the octahe-
dral sites in the Cgq lattice.

The Cgy sample with 26 mol. % CO was
prepared as follows. Prior to saturation
with CO, the sample (& 9 mm high cylinder
of 10 mm in diameter; the preparation pro-
cedure is described in [2]) was kept for 72 h
under dynamic evacuation at P = 1-10~3 Torr
and T = 400°C. The outgassed cell with the
sample was filled with CO gas at room tem-
perature to the 760 Torr pressure and
sealed. The sample was kept in these condi-
tions for 105 days. As a result, about 26 %
of the octahedral cavities in the Cgp lattice
were occupied by CO. After measuring the
thermal expansion of the sample, the gas
impurity composition was determined quali-
tatively and quantitatively using a vacuum
desorption gas analyzer [12]. The prepara-
tion and analysis techniques for the Cgg
sample with 90 mol. % CO are described in
[13].

Thermal expansion of the CO-Cgy solu-
tions was studied using a low temperature
capacitance dilatometer. The instrument de-
sign and the measurement technique are de-
tailed in [14]. Immediately before dilatomet-
ric measurement, the measuring cell filled
with CO was cooled slowly to 65 K and then
the CO that remained unabsorbed by the
sample was removed. The further cooling of
the sample and the subsequent dilatometric
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investigations were performed in vacuum at
least 1-107° Torr. The thermal expansion of
the CO-Cgy sample was measured after its
four-hour exposure at T = 4.2 K.

The temperature dependences of the lin-
ear thermal expansion coefficient (LTEC) a
of pure Cgy and the Cgy samples with differ-
ent contents of the CO impurity are shown
in Fig. 1. The o values are averaged over
several measurement series. Due to the
cubic symmetry of the lattice, the thermal
expansion of the samples can be described
using a single LTEC.

The thermal expansion of the investi-
gated samples exhibited a number of spe-
cific features. On heating (curves 1, 2) and
subsequent cooling (curves 3, 4), the ther-
mal expansion coefficient has a hysteresis
that indicetes a first-order phase transition
in the orientational CO-Cgq glasses. No hys-
teresis is observed for pure Cgy (curve 5).
As the impurity concentration rises, the
hysteresis onset shifts towards higher tem-
peratures — from 3 K at 26 mol. % CO to
4 K at 90 mol. % CO. Below these tempera-
tures, the a(T) values are practically identi-
cal on heating and cooling. Moreover, the
LTECs of both the CO-Cgy samples (26 and
90 mol. % CO) and pure Cgy coincide
within the measurement error. On heating
in the 4 to 6 K interval, there is a region of
instability with higher experimental errors
and local LTEC maxima (Fig. 1), the errors
being appreciably lower than the maxima
heights. It that this interval is assumed [3-5]
to include the temperatures of the first-
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Fig. 2. Temperature dependences of the positive and negative components of the thermal expansion
coefficient of CO-Cg, solutions in the intervals 2.5-28 K (a), and 2.5-8 K (b). The positive
contributions are characterized by curves I (26 mol. % CO), and 2 (90 mol. % CO); the negative
contributions, by curves: 3 (26 mol. % CO), and 4 (90 mol. % CO). Pure Cg, which exhibits a
positive contribution only is shown by dotted line (5).

order phase transitions in orientational
glasses doped with impurities.

Previous investigations [1-5] show that
the thermal expansion of gas-doped Cgq con-
tains positive and negative components with
different characteristic relaxation times (7
and 19, respectively). The positive compo-
nent is attributed [1-5] to the process of
temperature equalization over the sample
volume (thermalization); the negative one
accounts for reorientation of the Cgy mole-
cules. Since the Cgy crystal is perceived as
consisting of domains with different orien-
tational orders of the Cgg molecules and in-
terlayers between the domains, it is con-
cluded theoretically [15—-17] that at low
temperatures, the Cgy reorientation respon-
sible for the orientational component of the
thermal expansion occurs in the domain in-
terlayers.

The thermal expansion of Cgy samples
doped with CO also has two components.
Those were separated using technique de-
scribed in [1]. The temperature dependences
of the positive and negative components for
samples with different CO concentration are
illustrated in Fig. 2. It is seen that the
LTECs measured on heating both the CO-
Cgo samples above 5.5 K and on cooling the
90 mol. % CO-Cg4y sample are significantly
lower than the LTEC of pure Cgq (Fig. 1).
The effect increases with the CO concentra-
tion and persists even if only a positive
component is accounted for (Fig. 2). In No—
Cgp solutions, the effect exists only at high
N, concentrations and is much weaker [3].
This feature is explained as follows. At the
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temperatures of the experiment, the ther-
mal expansion of pure Cgq is determined by
translational lattice vibrations, Cgqy libra-
tions and by the contributions from the
two-level systems and soft modes that are
typical for glasses, including the orienta-
tional ones. The admixed gas molecules can
affect the above contributions and make
their own contribution to the thermal ex-
pansion of the solid CO-Cgq solution.

As noted above, the thermal expansion
coefficients of pure Cgy and the CO-Cgq so-
lutions coincide at the lowest temperatures
of the experiment. This means that at these
temperatures, the CO impurity has a little
effect on the dominant contributors to the
thermal expansion — translational lattice
vibrations, two-level systems and soft
modes [18]. The weak effect of the impurity
on the Cg lattice translational vibrations is
quite natural because CO adds little to the
effective molecular weight of the CO-Cgq
solutions, changing the lattice constant of
Cgo at most by 0.15 % [19]. As the tem-
perature rises, the contributions from the
Cgo librations and CO vibrations increase
significantly. But the latter can only result
in higher LTEC values. Therefore, the lower
LTECs of the CO-Cgy solutions in compari-
son with those of pure Cgy may be attrib-
uted to a lower contribution from the Cgq
librations. The reason is as follows. At
T<77 K, the CO molecules are oriented in a
certain way in the octahedral interstitial
sites of Cgq [11, 20, 21]. Thus, the non-cen-
tral interaction between the impurity and
the surrounding Cgy molecules is not nulli-
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Fig. 3. Temperature dependences of the posi-
tive and negative components of the linear
thermal expansion coefficient for CO-Cg, (solid
lines) and N,—Cg, (dashed lines) [8] solutions.
The positive components characterized by
curves: 1 (90 mol. % CO), and 2 (100 mol. %
N,), the negative components, by curves 3
(90 mol. % CO), and 4 (100 mol.% N,). Pure
Cgo which has a positive contribution only is
shown by dotted line (5).

fied due to the rotation of CO molecules.
The CO molecule has a dipole and a quadru-
ple electrical moments. The dipole moment
is rather weak [22], and the non-central
CO-Cgq interaction is mainly determined by
the quadrupole moment of the CO molecule.
This interaction enhances the non-central
forces acting on the Cgy molecules and in-
creases the librations frequency thereof. As
a result, the contribution from the Cgy li-
brations to the thermal expansion positive
component decreases at these temperatures
and its interval shifts towards higher tem-
peratures. This effect is weaker in the No—
Cgg solutions, since the quadrupole moment
of N, molecules is much lower (see Fig. 3).
In this Figure, compared are the positive
and negative components of the thermal ex-
pansion for samples with 90 mol. % CO and
100 mol. % N,, because the effects of impu-
rities on the thermal expansion of doped
fullerites are most evident at high impurity
concentrations.

In the context of the above considera-
tion, the negative component of the thermal
expansion is defined by the reorientation
probability of the Cgy molecules in the do-
main interlayers. The negative LTEC com-
ponent of the CO-Cgy solution decreases
considerably as the CO concentration in-
creases from 26 % to 90 % (Fig. 2). The
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Fig. 4. Characteristic time (1,) for Cg, reori-
entation derived from the negative compo-
nents of thermal expansion: CO-Cgz, with
90 mol. % CO (x), and 26 mol. % CO (O);
and N,—Cgy with 100 mol. % N, (a).

absence of the negative component in the
thermal expansion of pure Cgy prompts a
conclusion that on dissolution of CO in Cgy,
the probability of Cgy reorientation in the
domain interlayers increases first and then
starts to decrease as the CO concentration
rises. By contrast, in the N,—Cgg solutions,
where the non-central interaction between
the N, and Cgg molecules is weaker, the
negative contribution to the thermal expan-
sion is much greater at high N, concentra-
tions than at low ones. Note that a change
from low to high impurity concentrations
reduces the temperature interval of the
negative contribution for the CO-Cgy solu-
tion and increases it for the No—Cgq one [3].

In our opinion, this behavior suggests a
competition of two mechanisms. On the one
hand, the CO and N, impurities introduced
into the interstitial sites of Cgy push the
neighboring Cgg molecules farther apart,
thus suppressing the non-central interaction
between the Cgy molecules and promoting
their reorientation. This increases the nega-
tive contribution to the thermal expansion.
On the other hand, the non-central interaction
between the impurity and the neighboring Cgg
molecules reduces the probability of Cgq reori-
entation and decreases the negative contribu-
tion to the thermal expansion. The first
mechanism dominates in the N,—Cgq solutions,
while the other prevails in the CO-Cgjy solu-
tions with high CO concentrations.

The noncentral interaction between the
impurity and Cgp matrix is expected to af-
fect the characteristic times 19 of Cgq reori-

entation. As seen in Fig. 4, the 15 values
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Fig. 5. Characteristic times 1, of the positive
components of thermal expansion for
90 mol. % CO-Cgy (a) and 26 mol. % CO-
Cgo ().

are much higher for the CO-Cgy solution
than for the N,—Cgy one, thus indicating
that the CO molecules having a larger quad-
rupole moment reduce considerably the
probability of Cgq reorientation.

The local maxima in the temperature de-
pendences of the positive components of the
LTECs 14(T) for the CO-Cg4y samples may
indicate that the interval 4-5.5 K includes
the temperatures of phase transformations
in the orientational CO-Cg, glasses. The as-
sumption is supported by the analysis of the
1;(T) dependences for the CO-Cgq solution.
The sample thermalization time 1, increases
sharply in the temperature interval of the
local LTEC maxima (see Fig. 5), because the
heat supplied to the sample during heating
is partly consumed in the phase transforma-
tion of the orientational glass.

The dependences ofT) and t{(T) for the
N,—Cgo solution have no distinet maxima.
The glasses coexisting in gas-fullerites solu-
tions differ in orientational orders of Cgg
molecules [2, 15 — 17]. Since the non-cen-
tral interaction of the impurity and matrix
molecules is stronger in the CO-Cgj solution,
we can assume that the phase transformation
latent heat (a change in the orientational
order) is larger for this solution, which is
manifested as o7 and t{(7T") maxima.

Gas impurities in high concentrations
can often cause microcracking and even
fracture of Cgq samples [2, 3, 5, 23]. The
higher 1; values for the sample with the
high CO concentration can be attributed to
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the microcracks in the sample, which in-
crease its thermal resistance and hence the
characteristic thermalization time ;.

To conclude, a first order phase transi-
tion was observed in the orientational Cgq
glass at liquid helium temperatures during
dilatometric investigations on two CO-Cgq so-
lutions with 26 mol. % CO and 90 mol. %
CO. The phase transformation is confirmed
by hysteresis of the thermal expansion, local
maxima in the temperature dependence of lin-
ear thermal expansion coefficients and a
maximum in the temperature dependence of
the thermalization time t; of the investigated
systems. The phase transitions in the orienta-
tional glasses of the CO-Cgy solutions oc-
curred in the 4-6K interval. The thermal
expansion of the CO-Cgq solutions is a total
of positive and negative components with
the characteristic relaxation times t; and
Ty, respectively. 1 is the time of tempera-
ture equalization over the sample (thermali-
zation) and 1y specifies the time of Cgy re-
orientation in the interdomain space of the
CO-Cgp sample. We have compared the
thermal expansion of CO-Cgy and No—Cgq
solutions where the impurity molecules have
close gas kinetic diameters and molecular
weights, but N, has a much smaller quadru-
pole moment.

Because of a stronger non-central inter-
action of the CO and neighboring Cgy mole-
cules, the CO-Cgq solution has some specific
features that distinguish it from the No—Cgq
solution. (i). The linear thermal expansion
coefficients are lower in the "high-tempera-
ture” phase in comparison with the LTECs
of pure Cgy. This is because the frequencies
of Cgq librations increase and their contri-
bution to the LTECs shifts to temperatures
above the T-interval of the experiment. (ii).
The o(T) and t{(T) dependences have max-
ima in the temperature interval of phase
transformation. No maxima are detected in
the No—Cgq solutions. (iii). The Cgg mole-
cules have much longer reorientation times
T9, which is an obvious consequence of the
enhancement of the noncentral interaction
between the impurity and matrix molecules.
(iv). There is a change in the concentration
dependence of the negative contribution to
the LTEC. Two effects are responsible for
the negative contribution. On the one hand,
the impurities increase the spacings between
the Cgg molecules which depresses their
non-central interaction and increases the
probability of their reorientation. On the
other hand, the noncentral interaction be-
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tween the impurity and matrix molecules de-
creases the probability of Cgy reorientation.
The first mechanism is dominant in the No—

Ceo

solutions, which the other predominates

in the CO-Cgqy solutions which high CO con-
centration.
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BniauB moMiliox IBOATOMHMX ra3iB
Ha TelioBe po3mmupeHHd ¢yaepury Cgg

O.B./lonbun

B inrepsani remneparyp 2,5—23 K BUKOHAHO AMJIATOMETPUYHI HOCHiMKEHHA OpieHTAIiM-
Hux crexon Cg, 3 3aIIOBHEHHAM MOJIEKYJAMM Ia3OBUX JOMIIIOK OKTAEIPUYHUX IIOPOKHUH
rpatku Qyaepury. ¥ CcTeKJgaxX, IO AOCIiIKyBaJHCs CIIOCTEPIirajocs y TeMIepaTypHOMY
inrepBani 4—6 K (asoBe mepeTBOpPeHHS IIEPIIOr0 POAY, AKe IiATBEPAKYETHCHA I'iCTEePe3ncoM
TEIlJIOBOI'0 POBIIMPEHHS, IIPUCYTHICTIO MaKCHUMyMiB HA TEMIIEPATYPHUX BaJEKHOCTAX KO-

edinienTa JiHIAHOrO TEIIOBOro PO3MIMPEHHS Ta 4acy Tepmatisamii T, spaskis. 3icTaBieHHa
noseninku Biractusocreir posunHiB CO—Cqy ma Ny—Cgy 103BONMIO BCTAHOBUTH BILIMB HEIEHT-
pasibHOI B3aeMogil MoJeKys goMmimioxk 3 Mojexyigamu Cgy Ha TeloBe POSIIMPEHHS CTEKOJ,
110 JOCIifKyBajaucs Ta (pasoBe IEePEeTBOPEHHSA B HUX.
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