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High-pressure infrared study of solid methane: Phase diagram up to 30 GPa
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High-pressure infrared spectra of solid methane are reported up to 30 GPa between 50 and 300 K. The
symmetric stretching modev() was successfully used as a probe of the phase transitions. Seven different
phases have been identified. Pressure and temperature-dependent studies allowed us to outline all the phase
boundaries in this portion of the diagram. A high-pressure plie&®, stable in all the temperature range
analyzed, has been identified. The transition to this phase occurs at about 8 GPa at 50 K, and 25 GPa at 300
K. The wide range of stability of this phase suggests a single site-ordered structure. Group-theoretical and
qualitative arguments point to hdpg, factor group as the favored crystal structure of the HP phase. The
knowledge of the phase diagram allows us to outline the evolution of the crystal structure and of the site
symmetries as the pressure increases. The low-pressure fcc crystalline modifications transform to the fully
ordered hcp structure through intermediate tetragonal phases. Competition between molecular and crystalline
fields determines a complex site-symmetry evolution. Similarities with analogous fcc-hcp evolution observed
in rare gases and atomic systems support our concludi8f463-182@97)00122-7

INTRODUCTION strong rotational fields while those oW have a relatively
high degree of rotational freedom. Raman experiments at 4
The increasing availability of spectroscopic data concernK up to 1.1 GPa suggest the occurrence of other three
ing the icy surfaces of planets and satellites of the solar syphases, in addition to 1f:**°Evidence of two of thenilV
tem originated in the last few years a renewed interest iand V) comes from slope changes in the frequency vs pres-
molecular crystals. Several molecules in condensed phassyre plot of the lattice phonons ang side bands, while
including methane, and binary mixtures, such asQ#,,  most other spectral features are similar to those of phase Ill.
have been identifieti> The spectral properties of these ices Phase VI is observed for pressures larger than 1 GPa, con-
are the subject of a recent reviéwt appears important, sidering the spectral changes in thgband.
when discussing the astrophysical implications of these data, At room temperature, Raman, Brillouin, and refractive in-
to have a detailed knowledge of the phase diagram of thdex measurements provide evidence of a transition at 5 GPa
solids of interest. However, while temperature or pressurefrom | to a different phase, hereafter indicated as phase
dependent studies are frequently reported, the simultaneownsportedly correlated to the low-temperature phase IV and
variation of P andT is by no means a trivial task to pursue. with a disordered hcp structuté. A second crsytalline
On the other hand, well-defined phase diagrams of pure sobhange is observed during compression around 12 GPa. This
ids are a prerequisite to understand the thermodynamic st@hase transition exhibits a considerable hysteresis given that
bility of binary mixtures commonly found on planets or pre- the higher pressure modification, hereafter indicated as phase
pared in laboratory experiments. Quite recently it has beeB, is stable down to 6 GPa during expansion. Recent infrared
found that methane forms solid compounds with hydrogertata on the symmetricif) and antisymmetric 3) stretch-
under pressuréThe effect of pressure on the chemical in- ing modes confirmed the two transitions and allowed to lo-
teractions in this class of compounds are important from theate more preciselgbetween 7.5 and 9 GPthe A-B trans-
chemical, geophysical, and technological point of view. formation by careful kinetics studié¢8 Structural inferences
In this paper attention is focused on the phase diagramn these phases were proposed from a combined analysis of
and the phase transitions of pure gCHrystal. Despite the infrared and Raman dafaAs to phaseA, a correlation
the large amount of vibrational data as a function of temperwith the low-temperature multisite structures was attempted.
ature and/or pressure, only the low-pressure portioThe observed three; componentgtwo Raman and one in-
(P<0.5 GPa) of the diagram is well characterizef Be-  frared do not agree with the proposed hcp disordered
sides the fcc structure of plastic phase th which liquid  structure'’ As to phaseB, a single-site occupancy witfig
methane crystallizes between 100 and 300 K, only that ofymmetry was assumed with unit-cell symmetries restricted
phase Il, stable below 25 K, is known. The space group i$0 D4y, Dgn, Tq, andOy, factor groups. Qualitative consid-
Fm3c (fcc) with eight molecules per unit cell, six orienta- erations on crystal packing of GHnolecules and similarities
tionally ordered orD,4 sites while the other two, on O sites, with the behavior of the homologous, more anisotropic,
behave as weakly hindered rotatdras to phase Ill, occur- NHj; crystal favor theDg, hcp as the most plausible struc-
ring in a limited pressure range at low temperature, a threeture. These results give importance to infrared and Raman
site occupancy is suggested by several Raman and infrarethta for structural analyses when a direct investigation,
results, however without a definite indication on the symmethrough x-ray diffraction or elastic neutron-scattering stud-
try of these sites which are commonly denotedSas S,, ies, is not available.
and W.® Molecules lying on the first two sites experience A question left open by these studies is the correlation
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between low- and room-temperature results, due to the lackpectrometer. The pressure is determined from the peak
of information on the crystal CHstructures in a wide por- wavelength of theR; ruby fluorescence band by using the
tion of the phase diagram in the intermediate range of temequation°

perature. As a part of a research project on solid-solid phase

transitions in simple molecular crystals under high pressure, P(GP3=380.§(\M/\¢)°—1],

we rgport on the infreged spectrum of solid methane fror?\Nhere the temperature-dependent peak wavelength at zero
300 down to 50 K and at pressures up to 30 GPa. To thi ressure\g was measured according to the selected tempera-

purpose it was experimentally necessary to couple our hig 'l(ere for high-pressure experiments.

pressure infrared apparatus to a cryogenic system. The ban The FTIR spectrometer was equipped with a halogen
profile of the », mode was used as a probe of the phasg; 4 KBr beam splitter and a liquid-nitrogen-cooled MCT

transmons, ags already sqccessfully done in room—temperatur tector. The spectral resolution was 0.9 ¢nin all the
experiments® The experimental observations are discusse easurements

on the basis of the current structural information on solid
methane. The phase diagram of Cétystal has been deter-
mined in detail above 50 K and a high-pressure phase
(HP), stable in all the temperature range examined, discov- The CH, molecule has four internal vibrational modes
ered. This is, in our view, the fully ordered single-site crystal(A, + E+ 2F,) all of which exhibit Raman activity, while
structure of solid methane. only the two triply degeneraté, modes(v; and v,) are
infrared active. We focus our attention on the symmetric
stretching mode #;) whose infrared activity in the solid is
entirely due to crystal-field effects. Accordingly the absorp-
High-pressure infrared spectra of solid methane werdion in the v, region is an accurate probe of the phase tran-
measured using a membrane diamond-anvil GIDAC)  sitions, as already observed in room-temperature stddlies.
equipped with lla diamonds and a stainless-steel gasket. THeurthermore, the number of; infrared components being
cell was filled with CH (99.99% purity by means of high- directly related to factor group and site symmetries, the in-
pressure gas-loading equipment. Care was taken to purge tfi@red spectrum in the symmetric stretching region provides
system several times before loading with a few hundred baridications about the structural properties of the methane
of methane. Once the loading was completed the pressuggystal. A similar study on the close-lying absorption band of
inside the cell was typically between 2 and 4 GPa, while thghe antisymmetric stretching modes) was not equally in-
samples had thicknesses ranging from 50 tou®® and di- formative, due to the intrinsic strength of tirg¢ mode in the
ameters from 150 to 25@m. Ruby chips of about 1@m  isolated molecule and its large enhancement as the tempera-
were present in the sample for situ pressure calibration.  ture is lowered. As a matter of fact, only in a few experi-
The optical beam condensing system, the method to mednents in the high-pressure rangé=13 GPa) was the;
sure the ruby fluorescence as well as the equipment set &psorption sufficiently weak to be analyzed with accuracy
perform low-temperature infrared spectra at high pressurélso at low temperatures.
have been extensively described elsewH&fe Briefly, the We report here the results of several experiments carried
MDAC is mounted on a copper holder attached to the coldbut on different samples. A standard procedure was used in
tip of a close-cycle cryostdAPD model DE 204-S). Ther-  most experiments. Once phaBevas produced at room tem-
mal contact is ensured by thin indium foils. The cryostatperature and pressures between 12 and 14'Epe, sample
moves on orthogonal tables and is connected via a shoakas cooled either at constant or variable pressure. The evo-
absorbing bellow to the sample compartment of a Fourietution with pressure of the; infrared absorption was studied
transform infrared (FTIR) spectrometer(IFS 120 HR- at different temperatures so that the phase boundaries were
Brukern. The latter is separated from the rest of the instru-determined at constant pressure and at constant temperature.
ment by means of Csl windows, which ensure the transmisA few experiments were performed cooling room-
sion of the infrared light as well as the laser beam and théemperature phasesA, and HP.
ruby fluorescence emission, and is evacuated to The pressure at which a phase transition occurs at con-
10 4—10° bars in order to lower the sample temperature.stant temperature is usually estimated following the pressure
The infrared beam is focused onto the MDAC, whose finedependence of the vibrational frequencies. Alternatively,
adjustment is achieved through micrometric translationbandwidths(I') and integrated band intensitied\)( have
stages, and afterward collected by Cassegrain-type objebeen measured as a function of pressure in this work. While
tives. The pressure in the MDAC can be continuously variedn the first case the transition pressure is determined by the
from outside of the spectrometer by regulating the heliunslope change in the vs P plot, an abrupt variation df and
pressure in the membrane through a capillary pipe enterind is observed in the other two plots, from which an even
the instrument compartment. The sample temperature igore accurate value of the transition pressure is found. Con-
monitored with a thermocouple soldered onto the gasket. Atant temperature experiments show that when a transition is
periscope, located just outside the sample compartment, caompleted a general decrease in thevalues is found in-
be inserted on the infrared beam path allowing the visuatreasing pressure. The change in thand, more indirectly,
observation of the sample with a microscope. The same opA parameters must be related to the following phenomena.
tical path is used also to excite the ruby chip with 10—20First, an inhomogeneous broadening due to the disorder in-
mW of the 514.5 nm line of an Arlaser and to collect duced by structural changes is expected when the phase tran-
backward the ruby fluorescence measured with a dedicategition is approached; second, the crystal potential being close

RESULTS

EXPERIMENT
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FIG. 1. Infrared spectrum of the, mode of solid methane at51 ~ FIG. 2. Pressure dependence of the frequency ob{hiefrared
K and 1.0 GPa. components at 50 K. Empty symbols correspond to measurements

collected pressurizing phase | samples. Full symbols are related to
to the transition strongly anharmonic, the usual picture EXPeriments performed on samples cooled to 50 K through a quasi-
which explains the vibrational relaxation mainly in terms of Isobaric path. Dashed regions indicate the pressure range where the

processes involving few crystal phonon&ubic and transition are located. The inset shows in detail the region of the

quartig,?>?2is not applicable anymore because higher-ordef " fransition.

mechanisms will open new decay channels. Integrated bang . neq at 108. 136. and 165 K thg doublet, typical of

intensities depend also on the sample thickness, which is n fhaseB, disappears releasing the pressure being substituted

constant during compression. However, data obtai_ned i y the weak singlet of phask. On the contrary, phas® is

Rever induced from phask, below room temperature, with

ponents of adjacent crystal moqmcatlons. temperature kinetics data showing a freezing of Ahstruc-
. T_he results concerning the different phasgs are presentgfye once the pressure is increased without a time stop of
in different subsections for the sake of clarity. The room-g . o1 hourdé The stability range of phasé does not ex-

temperature crystal phases will be labeled a&,landB as tend below 80 K given that no singlet band is observed
in Ref. 18, while those occurring at low temperature accord-

) i ; ) during expansion at temperatures lower than this value.
ing to the notation of Ref. 15. Complementing with data at g &P P
intermediate temperatures, a correlation between the two
. . PhaseB
portions of the phase diagram may be proposed.
At room temperature the, infrared mode is split into a
Phase | doublet in theB phase"® Both components have bandwidths

) ] o sensibly reduced to about 4 chlowering the temperature

This fcc plastic phase, containing one molecule per cell(log K; 2.1 GPa from the room-temperature value of
does not exhibitv; infrared activity. Therefore solid-solid 11_12 cn7! at 9 GPa. Shoulders or asymmetries, which
equilibrium curves for this phase may be easily obtained intoq indicate the occurrence of additional components hid-
the phase diagram. Constant temperature measuremensn at higher temperature by line broadening, are never ob-
(100, 136, 150, 208, and 298 lallowed us to identify, from  seryed. Releasing pressure Beloublet always transforms
the appearance of a single band increasing pressure or frof the A singlet. Below about 100 K however, a triplet band
its disappearance releasing it, the boundary with ptse sty cture is obtained independently of the sample and the
The - A transformation is also induced cooling the Samp|ecoo|ing path. On the other hand, increasing the pressure a
at constant pressure at 125 and 250 K. At 51 K the transitiofansition to a different phasién the following denoted HP
from phase | to a crystal modification different from phase;s gpserved. The discussion on BeHP phase transition and

A is observed between 0.5 and 0.7 GPa. This is suggested e Hp spectrum will be postponed, following the subsec-

the appearance of a triplet structure fey instead of the ions on the low-temperature crystal phases.
singlet associated with phage More details about this tran-

sition will be given in the subsection concerning phase IV. Phase IV

At 4.2 K phase IV has a stability range between about 0.2
and 0.5 GPa as it results from the slope changes plotting the

At room temperature one weak infrared and two Ramarlibrational energies associated wigh, S,, andW sites as a
bands have been observed for this phidses already stated function of pressure. This was confirmed by the evolution
in the previous section the A-phase boundary is quite well with pressure of the Raman phonon frequentieEhe tran-
defined. It is more difficult to establish ti#e B phase bound- sition from the disordered phase | to phase IV was also stud-
ary. At room temperature, th&-B transition is sluggish and ied below 90 K and 0.9 GPa by NMR spectroscdpfrom
affected by hysteresis either during expansion orour infrared spectrum the transition is observed between 50
compressiont/*® In constant temperature experiments per-and 70 K at pressure values ranging from 0.6 to 0.8 GPa, in

PhaseA
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FIG. 4. v, spectra collected at 50 K and 6.5 GPa. Upper trace:
sample produced pressurizing phase I; lower trace: sample cooled
10 s L s L . ' . ! . to 50 K through a quasi-isobaric path.

DO

b) ° A tiplet observable in the lower trace, is due to a different
o N I sample preparation according to the following procedure.
First the A—B phase transition was induced at room tem-
o D perature and relatively low pressuel GPa and theB crys-
tals cooled adding some helium gas in the membrane so that
B g the pressure inside the cell decreased dowrn=t®GPa at
. about 125 K. Then the sample was isobarically cooled to 50
g I K. Looking at Fig. 4 it is concluded that the latter procedure
gives crystals of higher quality, even though the sample un-
0 . ' dergoes a greater compression. On the whole, the two spectra
0 1 2 3 4 5 are quite similar apart from a small relative frequency shift
Pressure (GPa) and larger linewidths in the upper trace with a consequent
loss of spectral resolution. In Fig. 2 the frequencies of the
FIG. 3. Area(absorbance unit&) and fullwidth (b) dependence observedv; components, measured on samples prepared
on pressure of the threg infrared components of solid methane at with both procedures and fitting the upper type spectra with
50 K. Components are indicated with the same symbols of Fig. 2.0nly three bands, are reported as a function of pressure. The
empty symbols, collected either increasing or releasing pres-
good agreement with the NMR study. The absorption of thesure, correspond to data obtained on samples which have
symmetric stretching region is split into a triplet. The centralbeen pressurized from phase IV. The full symbols are related
component is weak and occurs as a shoulder of the highto samples cooled at 50 K following the second procedure
frequency peakFig. 1). At 51 K the stability range of phase (quasi-isobaric cooling Same symbols are employed to
IV, ~0.3 GPa as at 4.2 K, shifts to higher pressures. Conidentify, whenever possible, the corresponding bands in the
sidering Fig. 2, where the frequency values collected at 51 Kwo cases. Beside the V-V phase transition, another phase
as a function of pressure are reported, the transition to a
different phas€V) may be located at about 1.2 GPa. Corre- TABLE |. Pressure coefficientsgp/dP (cm™YGPa), of the
spondingly the abrupt change of linewidths and integratedymmetric stretching infrared components in the different phases
absorptions for the three components around 1 GPa is showabtained in isothermal expansion and compression experiments.
in Fig. 3. The formation of phase IV has been always ob-
served between 48 and 66 K independently of the samplé (K) v \% Vi B HP
quality, either during compression -¢lIV) or expansion

FWHM (crr)
[m}

. 11.25 8.86 6.75 5.27
(V—IV) experiments. 51 14.06 10.51 6.41
6.81
Phases V and VI 1313 1036 7.2 4.39
The portion of the phase diagram below 100 K and be-
tween 1 and 9 GPa has been probed in ten different experi- 4.87 7.09
ments. The structure of the, multiplet slightly changes de- 117 5.15
pending on the sample history, i.e., on the temperature/ 7.12 9.05
pressure path followed in each experiment. As an example,
we report in Fig. 4 two spectra at 50 K and 6.5 GPa. Thes3po 5.15 10.60
upper trace shows the spectrum usually obtained when the 5.66 8.98

sample is pressurized from phase IV. The well resolved mul
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FIG. 5. Evolution of thev; absorption between 5 and 11 GPa at  FIG. 6. Evolution of they, infrared spectrum at 117 K releasing
50 K. pressure between 6.7 and 12 GPa. The two spectra labeled with an
asterisk have been obtained in a different experiment increasing
change occurs around 4 GPa. A slope change is found in thgressure.
dependence on pressure of the frequencies of the three com-
ponentgsee Fig. 2 Further, in Fig. 8) a significant reduc- giving rise to a broad, strongly asymmetric band, may be
tion of the integrated absorption of the high-frequency comdisolated from room temperature, over 25 GPa, down to 50 K
ponent is observed between 3 and 4 GPa, while that of thand 9-10 GPa. The doublet separation changes from
central component increases by a factor of 2. Finally, a phas&3 cm ! at 50 K up to 25 cm? at room temperature without
change is suggested also from the behavior of the linewidthaffecting the general survey of the spectrum. The high-
in the same pressure range as reported in Klg. 83vhen the  frequency component is broader and its absorbance is gener-
pressure is larger than 5 GPa the mode frequencies softeilly greater by a factor of 1.5-2 of the low-frequency band.
appreciably with pressure. Slopes in this region are smalleThe transition to the HP phase is easily induced indepen-
than between 1 and 4 GRsee Table)l dently of the temperature and no appreciable hysteresis was

In Fig. 5 the evolution with pressure of thg multiplet,  recorded in the obtainment of lower-pressure crystal struc-
for samples prepared with the quasi-isobaric cooling, igures. The transition to the HP phase, either fi@ror low-
shown. A change in the relative intensities of the centratemperature phaséand vice versa has been studied at sev-
components is observed when the pressure is increaseekal temperatures cooling at constant pressure. Isothermal
Around 9 GPa a reduction in the numbergf components reversible studies of the transitions have been also performed
and a merging takes place. The analysid’pAA, andv val-  at51, 100, 108, 117, 136, 165, 208, and 300 K. The results at
ues, discussed in detail in the next paragraph, indicates thatld7 K are presented in Figs. 6 and 7. The integrated absorp-
transition to a higher-pressure phase occurs.

Infrared v; multiplets closely recalling those of phase V 3010 . .
were observed below 8-9 GPa up to 100 K on samples
cooled from phas® or produced after expansion from the 30001 B | v
HP phase. Despite these spectra having been measured '
higher pressures and temperatures, with respect to thos 2990

pressurizing phase IV, a higher quality is noticed. As an 3 | ° .

example, Fig. 6 showsspectra labeled by an asteriske § 2080 | .- = -
sudden transformation of the pha3edoublet into the triplet § af o

of phase V during an isothermal compression experiment a 29707 i° I
117 K between 6.4 and 7.4 GPa. In the same figure are als soso] | n 17K |

presented the rapid spectral changes which occur releasin |

pressure from 12 to 6.7 GPa. In Fig. 7 the corresponding ., L N v N .

frequencies vs pressure are plotted. 6 7 8 9 10 1 12
Pressure (GPa)

The high-pressure phase FIG. 7. Pressure evolution of the peak frequencies relative to the

A high-pressure phaséiP), whose infrared absorption in experiments performed at 117 K and shown in Fig. 6. Dashed re-
the v, region is characterized by two not-well-resolved peaksgions indicate the pressure range where the transition is located.
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FIG. 10. Profile of thev; mode in theB (lower trace and HP
(upper tracg phases as obtained in an isobaric cooling experiment
at 19.1 GPa.

tion of the vy band is almost constant up to 9 GPa. Between . , , .
9 and 12 GPa, the intensities of the lower and upper COmpd:_)ronounced, in fact at 7 GPa its area is about 2 times that of

nents increase by a factor 2.5-3, while the central compot-he high-frequency band, while at 10 GPa this ratio is exactly
nent almost disappears at 10.5 GPa. The latter point waeversed. The area of the .central bands start to decrease at 7
carefully checked also considering frequency and width dat?P@ @nd comes progressively closer to zero as the pressure
of the three components. In Fig. 8 the frequency dependendBCreases. Above 10.5 GPa only one band is necessary, in the
on pressure at room temperature of the tyocomponents central_ region of the multiplet, to reprodL_Jce the observed
are reported. An evident slope change takes place at 25 GP4 profile nevertheless the central apsorptlon still decreasgs.
but a doublet still characterizes the high-pressure spectr&/nally, around 11.5 GPa a doublet fits perfectly the experi-
Even more difficult is the discussion of the transition to theMental absorption. These results attest a structural transfor-
HP phase studied at 51 K. In fact, as can be seen from Fig. épation which starts around 7 GPa and is completed between
there is not a clear discontinuity in the frequency valuestO @nd 11 GPa. » _

above 5 GPa even though the slope values, reported in Table It is worth also noticing that for_thls phase we succeeded

I, remark a softening of the frequencies dependence on pred! having some low-temperature high-pressure spectra of the
sure above 9 GPa. Also in this case the frequency vs pressufe cOmponents without the complete saturation of the ab-
plot is the result of a data analysis involving cross check$OrPtion. In Fig. 10 thevs absorption is shown before and
with linewidths and integrated areas. In Fig. 9 the resultingafter the B—HP transition during an isobaric cooling at
absorption values of the four components are reported. 1820Ut 19 GPa. A change in the intensity distribution of the
this figure an inset shows in detail the evolution of the cor-different components takes place but, as observed invthe
responding frequencies in the same pressure range. Up toSHucture, there is no evidence of a different number of peaks.
GPa the absorbance values are quite constant then a sudden
increase of the high-frequency component is observed. Also
the low-frequency band has a similar behavior but is not so

FIG. 8. Frequency variation with pressure of thecomponents
at 300 K up to 30 GPa.

The phase diagram

In the previous paragraphs we have shown the spectral
behavior of thev, absorption in different regions of the
P-T diagram. According to these results a direct identifica-

51K

o 00 b

D 00 B

a 00 P

OO
0000 B

B

Pressure (GPa)

tion of the phase boundaries can be sketched, taking advan-
tage also of the spectroscopic data obtained af 18 °

and room temperaturé:!® In Fig. 11 the phase diagram of
solid methane between 0 and 300 K and below 30 GPa is
presented. The points reported in the diagram represent the
regions probed during the different experiments. As to
phases | and HP, only data near the boundaries are shown.
For phase |, measurements down to 0.1 GPa have been per-
formed, while for the HP phase measurements up to 30 GPa
at room temperature, and to 18 GPa at 50 K have been per-
formed. Same symbols are used to indicate similar spectra.
Solid-solid equilibrium curves have been drawn according to
the spectral profile in the, region and the accurate analysis
of frequency, integrated absorption, and linewidth data as a

FIG. 9. Integrated absorption dependence on pressure of thginction of pressure. When different symbols are present in a
v, infrared components at 50 K between 5 and 11 GPa. In the insd€gion it means that the phase transition is affected by hys-
the variation of the frequencies is reported. Same components ateresis, with particular reference to tAeB transition. Only
indicated with the same symbols.

in the dashed region around 75 K and 1 GPa was it difficult
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P S S . L for several other molecular crystals, cannot account for a
HP T L frequency dispersion doubling between 4 and 50 K. There-

* Gk 7 g fore also in thev, case there is not a coincidence of infrared

¥R o e and Raman peaks, as expectedDqy, crystal symmetry. On

8, AL the contrary, for thd® ,4 factor-group symmetry all the com-

& et ponents should have infrared and Raman activity. A prelimi-
e nary selection of the site symmetries can be attempted on the
" | basis of three different; components. For a crystal com-

|

*x
G

=)

[a)
B

104

vi

P(GPa)
St oo 0 WERE
) .a :
DD
o
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>
>

posed by tetrahedral molecule§ 4] and having aDyy
i factor-group symmetry, the common subgroups, which give
Fluid I the symmetry of the possible sites, &gy, S;, D,, C,,,
r C,, Cs. Among these, only th€,,, C,, andCq give in-
f frared activity originating 1, 1, and 2 components, respec-
0 50 100 150 200 250 300 350 tively. Therefore, beside th@; site, which must necessarily
Temperature (K) be present in order to have three different peaks, one be-
tween theC,, andC,, and another one amompy, S,, and

FIG. 11. Phase diagram of solid methane as it results from th&2. Sites must be chosen. ) ) )
present experiments. Solid lines indicate the phase boundaries al- N the A phase the observation of a single infrared band
ready characterizetRef. 4. Dashed lines are the phase boundariesand two Raman peak§ having different frequencies, does
extracted from the present study and from the dfthtriangles at ~ NOt allow us to speculate about the structure. We have al-
4, 80, and 300 KRefs. 5, 12, 14, 15, 24, and R5ame symbols '€ady found that the A transition takes place reversibly,
indicate same spectral features of theabsorptions and have been CONSsisting only in a moderate hindering of the free rotation
assigned as: empty circles phase I, full circles phaseempty ~ ©f CH, molecules with consequent formation of lower sym-
squares phas@, full squares phase IV, full thombs phase V, empty Metry sites, which induce the splitting of the Raman band
rhombs phase VI, stars phase HP. The dashed area represent a@d the weak infrared activity. On the contrary theB tran-
gion where the results do not allow an accurate determination of théition has been observed at room temperature to be ex-
boundaries of the different phases. tremely slow in compression and undergoes a large hyster-

esis during expansioff.In the present experiment, where no
kinetics studies have been performed, the:B transition

to locate the boundaries of the four phases present in this pais been never observed, between 100 and 210 K, confirm-
of the diagram. ing that a complex structural rearrangement takes place be-
tween theA andB phases.

In the previous room-temperature stufyan analysis of
the B phase was carried out applying group-theoretical argu-

From the present information on the phase diagram andhents to infrared and Raman results. Assuming a single-site
from previous studies, at low and room temperature, strucstructure, the unit-cell symmetries in agreement with experi-
tural inferences on solid methane may be advanced. Thment wereD,y,, Dgy,, Ty, Op; all with a Cg site symmetry.
room-temperaturéd phase extends from 300 down to about Kinetic data on theA— B transition contrast with transition
80 K. Below this temperature down to 0 K, and at pressure$o a tetragonal D,,) or cubic (T,,0;) B structure, being
larger than those of the well characterized I, 1l, and lll likely a similar structure for phasA, and suggest the hex-
phases, a different crystal modificatighV) is stable. The agonalDg;, as the most probable factor group. The results
latter phase presents the following similarities with phasepresented in this work allow a deeper insight about the struc-
A: (a) the transition from the disordered phase | takes placeéure of phaseB. The B-HP transition, between 125 and 300
easily in the 50—80 K temperature rangde); no appreciable K, occurs rapidly either in compression or expansion experi-
hysteresis is noticed when the pressure is released goingents. The number af; and v components are conserved
back to phase I. These observations point to similar crystadnd theB and HP multiplets look quite similar. This may be
structures of the I, IV, ané phases. a reasonable indication that the two phases have similar

As far as phase |V is concerned, a tetragonal crystal strucstructures and that only a site change, or a reduction in the
ture consisting of three different types of site is generallynumber of sites, takes place. Our hypothesis agrees with
assumed:®223 This model was adopted by Fabre andearly results from Brillouin scatterin. The dispersion of
co-worker§*15in the interpretation of their Raman results the Brillouin-frequency shift between 12 and 25 GPa is con-
without indication of site symmetry. As to the factor-group sistent with theA— B transition starting at 12 GPa and ter-
symmetry, theD,, was preferred td,4 symmetry due to minating only at 25 GPa. Above 25 GPa the definitive for-
the lack of coincidence among infrared and Raman frequermmation of phas® is claimed due to the lack of dispersion of
cies of the lattice modeé&The D4, factor group symmetry is  the Brillouin frequency shift. However, we clearly showed
supported also by the present results: at 50 K and 0.8 GRhat phaseB is, according to our results, a well-defined crys-
the v, infrared components fall between 2907.5 andtal modification stable in a large range of temperature and
2917.0 cm®. We can compare this observation with Ramanpressure. Therefore, the observed behavior of the Brillouin
results at 4.2 K13 where two peaks are seen, for pressureshift can be explained assuming more than one site for phase
values from 0.01 to 0.86 GPa, with an almost constant freB and only one for the HP phase. The wide pressure and
quency separation not exceeding 6 ¢mThe anharmonic temperature range of the HP stability supports an ordered
and volume contributions to the frequency shift, as reportegingle-site structure. On this basis the past assumption of a

0,1

DISCUSSION
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single-site structure for phage must be reconsidered. Nev- tetragonal crystal structure. The hcp structure appears when
ertheless if a multisite structure occurs in ph&seonly a  alternate planes slip each with respect to the other. Our ex-
unit cell of high symmetry agrees with the high number of perimental results suggest that the final step occurs in phase
v, componentgat least three Raman and two infraretb- V. Therefore, in the quasi-isobaric cooling from phase B to
served in this phase. All this evidence indicates a commomphase V, and then VI high-quality spectra are obtained due to
hexagonal close-packed structure for eand HP phases the fact that only a site rearrangement takes place, these
but a different local molecular symmetry. The group- modifications having all hcp structures. On the contrary, a
theoretical analysis, reported in Ref. 18, can be thereforéomplex structural rearrangement underlies the transition to
extended to the HP phase. This interpretation implies a trandgiexagonal phase V upon compression of the tetragonal phase
formation from the fcql) to the hcp B) structure involving V.
the distortion of the original structure and the slip of alter- A further inspection of the present data allows us to
nate planes. Even though the rearrangement may be not faketch a possible site evolution in the different crystalline
vored kinetically, there are several experimental and theorestructures. As it is shown in Fig. @ee the insgtthe discon-
ical cases of fcc-hcp transitions. Since the methane moleculéuity in the pressure evolution of the frequencies of the
may be approximately taken as spherical even at high preghree infrared components just above 1 GPa can be inter-
sure, a suitable comparison can be made with atomic an@reted as due to different crystal fields in the two phase even
rare-gas solids. Molecular-dynamics calculations have beeifithe spectral profile is not much affected. Also the spectra at
performed on Ni single crystals where the fcc structurehigher temperatures and pressures, following the HP-V or
evolves under uniaxial compression first to a tetragonaB-V transitions, are better resolved but the triplet structure
structure and then, on further compression, to an hcp struslosely resembles that of phase IV. These results compare
ture under an highly coordinate transformatfnExperi-  well with Raman measurements 4 K for which the V-V
mentally the fcc-hcp transformation has been observed itransformation did not determine appreciable spectral
solid Xe?® The low-pressure<t 10 GPa) fcc structure trans- changes?® Our view is that, going through the IV-V phase
forms into hcp above 50 GPa going through a nonidentifiedransition, the tetragonathexagonal step is not accompa-
intermediate modification. A similar fcc-hcp evolution was nied by a site reorientation. The molecular orientation in the
theoretically anticipated for compressed Ar on the basis ofrystal results from the competition between molecular and
three-body anisotropic interactiofs.In solid Kr the fcc  crystalline field™® For instance, in phase Il the former is
structure may not be stable above 30 GPa according to x-raypredominant’ As the pressure rises, the effect of the crys-
diffraction and Brillouin-scattering experimerfts.On the talline field increases. At 50 K and below 4 GPa the molecu-
other hand, the methane molecule can be thought as a “badtar field is still larger than the other so that the site symmetry
rare gas, and therefore its greater anisotropy may help thé conserved even if a change in the crystal structure occurs.
fcc-hep transition to occur at lower pressures. In the case ohround 4 GPa the crystalline field lowers the symmetry of
ammonia, which can be regarded as a pseudg iBblecule  the molecular orientation and consequently the site symme-
with even stronger anisotropic interactions, such a fcc-hegry. On this basis also the increase of the number of compo-
(Il —1V) transition was observed in an x-ray work around 4 nents in the VI phase can be explained. The following
GPa?® This result was not confirmed by recent neutron-scheme regarding the site evolution increasing pressure ac-
diffraction studies on deuterated ammdni® showing that ~ counts for all the experimental results. For phase Il different
phase IV is orthorhombic, space groB@;2,2;, and stable ~Sets of sites have been proposéd*?A three-site structure
up to 12 GPa. It should be noted, however, that between fits well with different experimental resulfs? Raman
and 9 GPa the nitrogen positions move reducing the differexperiment$ agree with the structure advanced by Maki,
ence of the actual crystal packing from an ideal hcp arrangeKataoka, and Yamamotdpredicting for aD 4, factor group,
ment. Furthermore, the stability of the hcp nitrogen arrangeD2, S;, andCs sites. Assuming the same factor group also
ment up to 56 GPdRef. 28 supports the idea that the for phase IV and still valid a three-site modéfi°the correct
evolution with pressure of solid ammonia has common ashumber(3) of infrared components is consistent with preser-
pects with that observed at room temperature in solid methvation of theD, and theC; sites and the change of ti&
ane (I-A-B-HP). into a C,, site. With this site multiplicity more than two
On this basis the discussion on the low-temperature porRaman components are expected, therefore, the observed Ra-
tion of the phase diagram is easier to face. In the Resultg1an doublét™®implies a near degeneracy of the frequencies
section we noted that the quality of the spectra collected i®f theA,4 andB;4 components and the weakness of the third
phase V was different depending on how the phase was olgomponent, oB,; symmetry, originating from th€ site.
tained. Nicely resolved multiplets were observed comingln fact, as already emphasized at the beginning of the discus-
from phasesB and HP, while broad and unresolved bandsion paragraph, one of the three infrared components is due
structures, even at lower pressure and temperature, whéa the C,, and the remaining two to th€; sites. The
phase V was produced compressing phase IV. This may b/ —V transformation does not affect the site symmetry even
explained considering that also at low temperatures a trangf the structure becomes hexagonal. As the pressure further
formation from the fcc structure of phase | to the close-increases there is a site-symmetry reduction, frbm to
packed hexagonal HP phase occurs. The tetragonal structu@s, triggering the V-VI transition. This makes a fourth com-
of phase IV/®1223proposed on a completely different basis, ponent appear in the, infrared spectrum. On further com-
matches perfectly the first step observed in the molecularpression the crystalline field definitely dominates over the
dynamics simulation of a Ni fcc-hep transitidhcorrespond-  molecular leading to the HP single-site structu@.)( (see
ing to the distortion of the cubic lattice to a face-centered-Fig. 5. The lack of thev; central components, shown in
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TABLE I1. Structures, factor groups, and sites symmetries of theRamafi*>*® and, partially, in NMR(Ref. 16 experiments.

phases discussed in this work. Boundaries of all these phases have been accurately drawn
and, taking advantage of lower temperature experiments, ex-
Phase Structure Factor group Site trapolated down to 0 K. A different phase has been observed

over 25 GPa at room temperature. The transition to this

e Tetragonal Dan D2,54,Cs phase has been studied isothermally at several different tem-
v Tetragonal Dan D2,C2,Cs peratures. The results show that this is a stable methane crys-
\Y hcp Den D2,Cy,,Cs talline modification from 300 down to 0 K.

Vi hcp Den C2.C5 .Cs Group-theoretical arguments suggest for the single-site

B hcp Den (D2).Cs HP phase four different unit-cell symmetrieByy,, Dgp,

HP hcp Dgn Cs T,, Oy . Qualitative close-packing considerations and simi-

larities with rare gasé32’ and ammonia®?°*°for which
the hexagonal structure is likely stabilized by anisotrophic
interactions, favor thég,, factor group with molecules on
SCS sites.

8Reference 23.

Fig. 9, after the VI-HP phase transition was completed, i

therefore related to the disappearance of@h@andC,, sites The symmetry considerations, combined to the present

or their conversion tdCs symmetry. On the contrary the  cmation on the phase diagram and to the kinetics of the

absence of a discontinuity in the frequency values, as well a§jgerent phase transitions, allow us to sketch a detailed
in the slope of the frequency vs pressure curve, of the highg,cyral analysis of the different phases. Pa® and IV-V

and low-frequency components, is easily explained with th‘?ransitions appear extremely difficult to occur, while all oth-

transition between two hcp structures preserving the samgg oo place easily and reversibly either in compression or

2te §ymmetfry, bemgi]thesg two bandsdllkelly mduped by theexpansion experiments. On this basis and taking into account
s Site. As far as phasB Is concerned onhD, sites are o oygjution of the fec-hcp transitions observed either

probably present, beside th@; sites, and they contribute oy herimentallf® or theoretically? it may be said that meth-
only to Raman activity. In this case, as already discussed f ne crystal evolves from a fd¢ and II) to a close-packed

the VI-HP trar)sition,' no appreciable changes are'expecte cp single-site structur@HP) through intermediate multisite
and observed in the infrared spectra of themode going to tetragonallll, IV, and maybeA) and hexagonalV, VI, and

the HP phase. In Table Il a summary of the structures and o) jifications. Considering also Raman results and as-
the site symmetry relative to the different phases discussed 'Quming valid the three-site model for phases III, IV, V, and

the present work are presented. VI, we propose a consistent evolution of the site symmetry.
A direct characterization of the high-pressure phases is still
CONCLUSIONS certainly needed and one of the aims of this work is to stimu-

In this paper we have reported on the infrared spec- late x-ray diffraction studies.

trum of solid methane in a wide pressure range between 50
and 300 K. We demonstrated that this mode can be success-
fully used as an infrared probe of the several transitions This work was supported by contract with European
which occur in this section of the phase diagram, being venfCommunity (GE1*CT92-0046 and by the ltalian Ministero
sensitive to the crystal structure as well as to site rearrangéJniversita’ e Ricerca Scientifica e Tecnologi®AURST). A
ments. We found that th& andB room-temperature phases special acknowledgment is due to Professor P. R. Salvi for
are stable to about 90 K. Below this temperature and 8—%he critical reading of the manuscript and for important sug-
GPa exist the crsytal modifications observed4aK in  gestions.
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