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Thermal conductivity of solid methane
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The thermal conductiviti of solid methane was measured within the temperature range of 1.2—25 K, using
the steady-state method. The results obtained revealed an existence of the strong phonon scattering mecha-
nisms connected with rotational excitation of the methane molecule. The dependence of thermal conductivity
on the spin-nuclear distribution of methane molecules was obsdi$8663-182807)01502-9

Solid methane is representative of a small group of movealed the I-Il phase transitidrand allowed for calculation
lecular crystals {He,*He, H,,HD,D,), which exhibit quan- of the zero entropy®!! Thermal-expansion measurements
tum effects. The quantum character of the crystals may apshowed an anomaly resulting from the nuclear-spin
pear in translational particle dynamics and/or in theirconversion>~®Based on NMR, Raman spectroscopy, neu-
rotational motion. Among the materials mentioned, methanéron  scattering,  x-ray  diffraction, and  other
is the only one for which the quantum character is associatedxperiments;*’~??the following parameters were obtained:
exclusively with the rotational subsystem. On the other handnuclear-spin conversion rates, tunneling splittings of libra-
characteristics of translational motion of methane puts it intajonal energy levels, correlation times for molecular reorien-
the group of classic crystals. This unique nature of solickation, site symmetries, and others. The evidence for the ex-
methane resulted in recent years in extensive theoretical angtence of nearly-free rotators in the phase Il was also
experimental investigationgsee, for example, Ref. 1, and gptained. A number of theoretical papers were devoted to the

references therejn o __methane phase transition thedriibron and rotational spec-
Solid methane under equilibrium vapor pressure exists i, of methane moleculéd? as well as to the crystal-field
two crystalline modifications. At 90.7 K it becomes solid in dependence of the rotational spectr&fife

the orientationally disordered phase with the fcc structure—
so-called plastic phagghase ), where all molecules occupy
O, sites. At 20.4 K one observes the transition to the low
temperature cubic phagphase 1) containing eight sublat-

tices. Six of them are related to the orientational order o o . ) L .
ductivity of solid methane in the phase-transition region, and

methane octopoles occupyingPsites and forming an anti- b d th | bli h h .
ferrorotational structure. In the two remaining sublatticesC2S€rved the\-type anomaly resembling that characteristic

methane molecules occupy, Gites, are dynamically disor- ©f the specific hea"c.Manzhelii and Krupskif® examining
dered, and behave like weakly bound quasifree rotddrs. the phase II, found a bell-like anomaly K(T) dependence

Depending on the total nuclear sgir0; 1; 2, the meth- at ~50 K. This effect was interpreted by Yasdtias an
ane molecule may exist in one of the three spin-nucleafhfluence of correlations among molecular rotation axes on
modifications:E, F, or A, respectively’. At high tempera- the phonon scattering.

Few papers were concentrated on the heat transport in

solidified methane and, moreover, no literature data are

“available concerning these phenomena at temperatures below
8 K. Gerritsen and van der Starexamined thermal con-

tures, the equilibrium ratio oE:F:A amounts to 2:9:5. With The aim of the present paper was to investigate the ther-
decreasing temperatures, the ratio changes as a result ol conductivity of the low-temperature phase of methane as
nuclear-spin conversion processes. well as of the phase-transition region and the influence of the

Relaxation rate depends on the molecule symmetry in thepin-nuclear conversion on thermal conductivity. The mea-
crystal. For the ordered sublattices relaxation time is of thesurements of thermal conductivity were carried out by the
order of 1 h, whereas for the disordered ones it is close tstationary heat flux method within the temperature range of
100 h>8 Introduction of impurities into the crystal may re- 1.2—25 K, applying a measuring system presented in Ref. 30.
sult in the acceleration of conversion processes. The ratio ok glass ampoule of 67 mm height, inner diameter of 8.65
E:F:A up to 20 K only slightly differs from that at high mm, and wall thickness of 1.1 mm was used. The tempera-
temperatures. At low temperatures all molecules appear iture of the sample and the temperature gradient were deter-
modificationA. mined with two germanium thermometers attached to the

A small moment of inertia caused by external hydrogenampoule wall separated 37.3 mm from each other. The ran-
atoms, the fact that predominant anisotropic contribution intalom error of the thermal conductivity measurements did not
intermolecular interaction causes mainly a rise to theexceed 3%. Gaseous methane used for the sample prepara-
octopole-octopole interaction, and, finally, the conversion ofion had the following impurity concentrations
nuclear spins, all engender quantum effects in the physicdlH;D—1.76%, CHRQ—0.12%, N—O0.04% and Q—
properties of solid methane. Specific-heat examination re<<0.01%.
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" ——— T conductivity over a range from,,,, Up to the phase transi-
00 tion is of the T™! type. Below T it changes toK(T)
P T2,
= The low value of the thermal conductivity coefficient at
the maximum temperature and the lack of the exponential
dependence df(T) for T>T,,, are remarkable. In the case
of the low-temperature phase, molecules may be located ei-
ther in D,y or O, sites. Those methane molecules which
occupy the DBy sites exhibit a libron spectrum. This spec-
trum is characteristic of a group of the low-energy levels
below 1 K, i.e., minimum experimental temperature. There is
a gap of~63 K between the low-temperature branch of the
spectrum and the next group of energy levels. The high-
temperature branch of the spectrum weakly influences the
thermal conductivity in the maximum region. On the other
hand, the rotational spectrum of the molecules occupying the
O, sites is more complex in the low-energy region and ex-
ibits the nearly constant level density with a gap of 7 K.

. o . L ost probably, the scattering on those rotational excitations
solid methanef] indicates measurements during coolidy;indi- leads to the ob dt t d d f the th |
cates measurements during heatirg;indicates data taken from €ads 1o the observed temperature dependence of the therma

Ref. 28; % indicates measurement at 4.8 K after cooling from conductivity for solidified methane.

T=25 K; O indicates measurement at 4.8 K after heating from Results of thermal conductivity measurements obtained

T=1.5 K (see text for details The vertical line indicates the tem- during heating from 1.2 up to 25 K are the same as those

perature of the phase transition. found while cooling, except in the vicinity of phase transi-
tion. Namely, no increase d€(T) was observed before the
phase-transition region, 19-20.4 K.

The crystal was grown from the vapor phase at 88 K, i.e., The \-type anomaly reported in Ref. 27 at the phase-
slightly below the triple-point temperatuf80.7 K). Crystal  transition region was not confirmed by our measurements.
growth rate amounted to 1.6 mm/h. Gas pressure during th@/e think that effect observed by Gerritsen and van der Star
growth process was constant and equal to 8.5 kPa. Aftefas influenced by their measurement method. Probably, they
growing the crystal was annealed at 69 K during 48 h withmeasured the value of the thermal conductivity coefficient
the temperature gradient along the sample of 1 K. Cooling ofyhile the temperature of the phase transition drifted between
the crystal down to 40 K and subsequently to 25 K wasthe temperatures of gradient thermometers. Therefore, the
performed with a rate of 1 and 1.5 K/h, respectively. Theas.measured value of the temperature gradient was smaller
crystal obtained was transparent with a tiny defect in thgnan the real value, hence these authors observedile

form of a chain of small bubbles. eak in the region of the phase transition. In our measure-

Thermal conductivity measurements were performeornents we avoided this situation, determining the value of the

while cooling from 25 K down to 1.2 K. Subsequently, the - L . .
sample was aged at 1.2 K for 40 h. Finally, the same meat_hermal conductivity coefficient in regions just below and

. 3 above the transition. It should also be noted thatthelues
surements were conductegersusincreasing temperature. behind the phase-transition regigh>20.4 K (where the
The time in which the crystal reached thermal equilibrium '€ phas A L
during measurements ranged betwdeh at 20 Kto 1 h at 8 eventual impurities do not influence considerably the value
K and below this temperature. of the thermal conductivity coefficienbbtained by Gerritsen

The results of thermal conductivity measurements of2nd van der Stéf are several times lower. We are of the

solid methane obtained for two samples were presented iAPinion that these discrepancies were caused by a large sys-
Fig. 1. The data observed above the phase-transitiofgmatic error resulting from the incorrect estimation of
temperature agree with those reported eaffién. this region ~ sample dimensions.

thermal conductivity depends weakly on temperature. In order to explain the influence of conversion of methane
The time of passage across the phase-transition regiomolecules on the thermal conductivity, the crystal
(20.5—-20.3 K amounted to 8 h. With temperature decreasingwas cooled from 25 K down to 4.8 K in a period of 2 h
slightly below the phase transitiof20.4 K), the thermal and the thermal conductivity was measurese Fig. 1
conductivity decreased abruptly and subsequently returne8ubsequently it was cooled down to 1.5 K and kept at
to the previous value at 19 K. With the further decreasehis temperature during 12 h. Next it was warmed during
of temperature, the value of the thermal conductivityl h up to 4.8 K and the measurements were repeated.
increases up to 4.5 K and subsequently falls downAs a result of that procedure, a difference 6fl0% in
The maximum value is equal t&K,,=11 mW/cmK. the value ofK at 4.8 K was found. We think that this is
The latter value is markedly low in comparison to thatcaused by a change of the distribution of spin-nuclear modi-
characteristic of the solid noble gases arjoor kryptor?? fication.

and also molecular crystals like,& N,3* and hydrogen Concluding, we would like to state that the thermal con-
isotopes™® Temperature dependence of the thermalductivity dependence of solid methane below maximum is
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FIG. 1. Temperature dependences of thermal conductivity o
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proportional toT?. A low value of the maximum, as well as influence of the spin-nuclear conversion on thermal conduc-
the lack of exponential dependence abdyg,, result from tivity of the solid methane was observed. These investiga-
the presence of strong phonon scattering mechanisms asdmns are being continued and their results will be reported in
ciated with rotational excitations of methane molecules. Arnthe near future.
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