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Dynamics of methane molecules in the mesopores of controlled-pore glass at low temperature
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Rotational tunneling of CH4 molecules in the mesopores of controlled-pore glass with mean diameters of
120 Å and 350 Å has been studied by means of inelastic neutron scattering. The rotational excitation energies
of the spherical quantum rotor CH4 are a sensitive probe of the strength and symmetry of local potentials. The
spectra show a superposition of contributions from the partially ordered low temperature phase II of solid CH4

and from another phase without long range order. This latter phase is attributed to a thin layer with thickness
of about 20 Å on the pore walls. A quantitative analysis is performed with a statistical model based on the
pocket state formalism.@S0163-1829~99!00413-0#
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I. INTRODUCTION

At low temperatures~typically below T510 K), meth-
ane molecules in solids are usually treated as spherica
quantum rotors. The rotational tunneling spectra indic
both the symmetry and the magnitude of local potentia
Inelastic neutron scattering~INS! experiments have observe
CH4 molecules in various environments, e.g., CH4 and its
isotopes as substitutional impurities in rare gas crystals,1 as
monolayer adsorbates on graphite2,3 and MgO,4,5 and as iso-
lated molecules in clathrate compounds.6

In the past, particular attention has been paid to the p
tially ordered low temperature phase of bulk metha
(CH4-II, see Fig. 1!.7–9 In phase II the methane molecule
occupy two different types of sublattices: 25% of the m
ecules are orientationally disordered and perform almost
rotations in a weak crystalline field of cubic symmetry, wh
the remaining 75% are orientationally ordered by strong
tentials of tetrahedral symmetry~molecular field!.

These different local symmetries are also reflected in
INS spectra of CH4-II. 1 The tunneling lines at \v
575 meV and at \v5145 meV arise from transitions
within the threefold tunnel-split librational ground state
the ordered molecules, while thefree rotor line at \v
51.08 meV corresponds to transitions from the rotatio
ground state to the first excited rotational state of the dis
dered molecules. The orientational structure of phase II
been the subject of a large number of theoretical invest
tions ~see Ref. 10 and references therein!. These may be
classified by the ansatz functions used for the descriptio
the wave function for the CH4 rotors: ~1! the free-rotor an-
satzand ~2! the pocket-state formalism.

Calculations based on thefree-rotor ansatzuse an expan-
sion of orientational potential and wave function into fr
rotor functions~Wigner-D functions!.9 This approach is par
ticularly well-suited for the free rotor molecules in CH4-II.
PRB 590163-1829/99/59~13!/8607~8!/$15.00
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Predictions by Ozakiet al.11 for the intensity of the 0→1
transition in INS spectra as a function of momentum trans
Q were found to be in good agreement with experime
using high-resolution neutron spectroscopy.1

Thepocket-state formalism, on the other hand, divides th
orientational potential into twelve identically shaped regio
~potential pockets!, which are related by the symmetry op
erations of the tetrahedral groupT. Ansatz functions, which
are peaked in single pockets are calledpocket states~for
example d-functions12 or Gaussians13,14 in Euler-angle
space!.

On the basis of the two limiting cases found in CH4-II
~strongly hindered and almost free rotation! methane mol-
ecules may be used as sensitive probes for local poten
also in systems without long-range orientational order. E

FIG. 1. Orientational structure of the low temperature phase
of solid methane. The circle indicates an orientationally disorde
molecule performing almost free rotation, while the other molecu
are ordered.
8607 ©1999 The American Physical Society
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8608 PRB 59C. GUTT et al.
amples are CH4 /krypton mixtures with methane concentr
tions larger than about 15%~Refs. 16 and 17! and CH4 in
neon matrices.15 In both cases, broad distributions of excit
tion energies have been found in the INS spectra, indica
a corresponding distribution of local potentials.

In this paper we present an investigation with neutr
spectroscopy of CH4 molecules as guest molecules in t
mesoporous silicate structures of commercially availa
controlled-pore glass~CPG! with pore diametersd5120 Å
~CPG-120! andd5350 Å ~CPG-350!. Porous materials are
not only interesting because of their technical importan
~e.g., in catalysis! but also because they provide a framewo
for the investigation of the physical properties of solids u
der the influence of a restricted geometry. Most dynam
studies of guest molecules in porous media concentrate
the high-temperature regime, where not only rotations
also translations of the center-of-mass may be present
where a classical description is appropriate~e.g., quasielastic
neutron scattering!. Particularly well investigated are wate
molecules in different host materials~see, for example, Refs
20 and 21!. An example for quantum rotations in a poro
material is hydrogen in Vycor glass.22,23

The present work focuses on the low-temperature dyn
ics (T<10 K), where no translational diffusion is prese
and where the rotational transitions of the CH4 rotors have to
be described quantum mechanically. Recently publis
x-ray diffractograms of krypton and xenon in silicagels w
average pore sizes ranging fromd522 Å up tod5100 Å
~Ref. 18! show a clear transition from amorphous solids
structures with long-range translational order with increas
pore size. On the other hand, neutron spectra of methan
the same host materials gave no conclusive evidence fo
occurrence of a long-range ordered phase~phase II!.19 In this
publication, we will extend the work to larger pore sizes.

This paper is organized as follows: In the next section,
will characterize the sorption behavior of the host mater
by showing adsorption/desorption isotherms with CH4 and
we will give the details of the neutron scattering experime
The INS spectra are presented in Sec. III. In Sec. IV we w
describe a statistical model based on the pocket-state for
ism for the analysis of the spectra. Section V contains
summary and conclusion.

II. EXPERIMENTAL DETAILS

The controlled-pore glasses were purchased from Sig
Chemicals, St. Louis. In a first step, we have characteri
the sorption behavior of CPG-120~average pore diamete
120 Å! and CPG-350~average pore diameter 350 Å! by mea-
surements of adsorption-desorption isotherms with meth
in order to determine the conditions necessary for a w
defined filling of the pores. To remove adsorbed water fr
the pores, the empty CPG-samples were heated up tT
5250 °C in vacuum before starting the adsorption. T
measurements were performed by a volumetric techniq
where the sample cell is connected via a valve to a refere
volume containing methane gas. Small amounts of gas
dosed in from the reference volume and the equilibrium pr
sure is recorded by high-precision pressure gauges~MKS–
Baratrons!. The sorption isotherms of methane atT592 K
in CPG-120 are shown in Fig. 2.p05100 torr is the satura
g
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tion pressure of methane atT592 K.
The almost linear increase of the isotherm at low pr

sures up top/p0;0.6 shows the formation of a multilayer o
the inner surfaces of the sample~‘‘BET region,’’ see for
example Ref. 24!. At higher pressures capillary condensati
occurs and the amount of adsorbed methane incre
strongly. Adsorption and desorption show a strong hyster
loop ~Typ H2, see Ref. 25! which is typical for capillary
condensation. The isotherms of methane in CPG-350~not
shown! look very similar to those in Fig. 2, but the hysteres
loop is shifted to higher pressures due to the larger pore r
in CPG-350.

Measurements with inelastic neutron scattering were p
formed on the neutron time-of-flight spectrometer MIB
MOL on the reactor Orphe´e of the Laboratoires Le´on Bril-
louin, Saclay. A flat aluminum sample cell of 1 mm
thickness was used. The wavelength of the incoming n
trons wasl55 Å and 8 Å, respectively. The correspon
ing energy resolutions at the elastic position were determi
by a vanadium standard. For intensity reasons, detec
were grouped together giving nine sum spectra with m
scattering angles 2u540.1°,47.1°,55.1°,63.0°,75.0°,89.9°
105.0°,121.2°, and 137.4°.

As for the thermodynamic measurements described ab
the empty samples were heated up toT5200 °C in vacuum
for 12 h until a pressure better than 1024 mbar was achieved
Thereafter the sample cell, which was mounted in a liq
helium cryostat and oriented at an angle of 135° with resp
to the incoming neutron beam, was cooled down toT
592 K. CH4 of purity 99.995% was used to load the samp
through a heated capillary. This was performed in a two-s
process to ensure that the pores are filled with liquid meth
without bulk-methane outside the pores.

~1! Methane is filled into the sample cell up to the sa
ration pressurep05100 torr atT592 K. This means that
not only the pores are filled with liquid methane, but al
that bulk-CH4 exists in the sample cell outside the poro
host material.

~2! Methane is partially desorbed down to a relative pr
sure ofp/p0;0.85. This step removes the bulk methane, b

FIG. 2. Adsorption and desorption isotherm of methane c
densed in CPG-120 atTAd592 K. p05100 torr is the saturation
pressure of CH4 at T592 K.
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the isotherm in Fig. 2 ensures that the pores are still co
pletely filled.

Finally the samples were cooled down toT55 K.

III. INS MEASUREMENTS

Figures 3 and 4 show the INS spectra of CH4 in CPG-120
and CPG-350 atT55 K ~l55 Å!. The spectra were obtaine
by subtracting a scan with the empty CPGs. These em
CPG spectra showed an intense elastic line due to ela
scattering from the host material and the sample conta
but no indications of inelastic scattering. This makes cl
that the inelastic scattering in Figs. 3 and 4 arises solely fr
the condensed CH4 molecules. In order to analyze also theQ
dependence of the scattered intensity, a standard vana
calibration and corrections for self-absorption have been
formed.

The main feature of both spectra is a superposition of

FIG. 3. INS spectrum of CH4 in CPG-120 atT55 K; time-of-
flight spectrometer MIBEMOL,l55 Å. The lines at \v5
61.08 meV are the free rotor lines of solid CH4 , phase II. The
broad distribution between the elastic line and the free rotor li
has been fitted by the model explained in the text. Dashed lineA
→T transitions; dot-dashed line:T→E transitions; dotted line:T
→T transitions.

FIG. 4. INS spectrum of CH4 in CPG-350 atT55 K; time-of-
flight spectrometer MIBEMOL,l55 Å.
-

ty
tic
er
r

m

um
r-

o

contributions:~1! At \v561.08 meV the almost free roto
lines of the orientationally ordered phase II are visible.~2! A
broad inelastic distribution extends from the elastic line up
the free rotor line. This distribution is attributed to scatteri
from molecules belonging to a phase without long-range
entational order~we will call this phase I8 in the following!.

In order to resolve the tunneling lines of phase II, we ha
performed a scan with better resolution (l58 Å) with the
CH4 /CPG2350 system. The spectrum in Fig. 5 shows t
A-T and T-E tunneling lines at positions\vA↔T5(145
65) meV and\vT↔E5(7766) meV in good agreemen
with values found in phase II of pure methane. A comparis
of Figs. 3 and 4 reveals that the relative contribution fro
phase II to the inelastic signal is much stronger in the sys
with the larger pores~CPG-350!. The quantitative descrip
tion of the spectra in Figs. 3 and 4 was obtained by fitting
elastic line and the free rotor lines at\v561.08 meV by
Gaussians and the broad component by a model, which
will explain in the next section.

In Fig. 6 the measured dependence of the intensity of
free rotor line on momentum transferQ is plotted together
with the theoretical prediction by Ozakiet al.11 on the basis
of the free rotor model. The solid curve was obtained
adjusting a normalization constantC in the following expres-
sion:

S~Q!5Cexp~2gQ2!p~\v0→1! f 01~Q!. ~1!

f 01(Q) is the inelastic structure factor for the 0→1 transition
of the almost free rotors, which has been calculated by Oz
et al. in Ref. 11:

f 01~Q!593@0.873j 1
2~Qr !10.0581j 3

2~Qr !

10.0605j 5
2~Qr !#. ~2!

The j l are spherical Bessel functions of argumentQr, with
r 51.093 Å denoting the C-H distance within a CH4 mol-
ecule. j l with l>7 have been neglected in Eq.~2!. g
50.02 Å2 has been used for the Debye-Waller factor. T
Boltzmann factor

s

FIG. 5. INS spectrum of CH4 in CPG-350 atT55 K ~l58 Å!.
The better resolution compared to the scans atl55 Å enables a
separation of the tunnelling lines at\v5677 meV and at \v
56145 meV from the elastic line.
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p~\v!55/Z55/F519expS 2
\v

kBTD G . ~3!

accounts for the decreasing population of the rotatio
ground state with increasing temperature~note that the de-
generacy of the ground state of a free CH4 rotor isg55 and
of the first excited rotational state isg59). A detailed study
of the Q dependence of the intensities of both tunnelli
lines and free rotor line in pure CH4-II has been carried ou
in Ref. 1. For both cases, good agreement of the experim
with the free rotor model has been found.

The elastic line in Figs. 3 and 4 is a superposition of th
contributions:~1! Elastic scattering from phase II;~2! tunnel-
ling lines of phase II, which are not resolved from the pu
elastic line at that respective energy resolution;~3! elastic
scattering from phase I8. On the basis of the free roto
model, a prediction can be made for contributions~1! and~2!
as function ofQ from the intensity of the free rotor line in
Fig. 6. This prediction is shown as solid line in Fig. 7.

Similarly, a prediction of the elastic scattering from mo
ecules in phase I8 may be obtained by the following proce
dure.

In each of the nine measured spectra, the broad inten
distribution from phase I8 is integrated up to the free roto
energy\v free51.31 meV in the following manner:

CI85E
0

\v free S~\v!

p~\v! f 01„Q~\v!…
d~\v!, ~4!

where the scattered intensityS(\v)d(\v) within an energy
transfer range@\v,\v1d(\v)# is weighted by a Boltz-
mann factorp(\v) and the structure factorf 01(Q) of the
disordered molecules in CH4-II @see Eq.~2!#. The notation
f 01„Q(\v)… shall indicate that the measurements have b
performed as constant 2u scans rather than as constantQ
scans. This causes a slight variation ofQ with energy trans-
fer in the single spectra.

CI8 from Eq. ~4! is a measure for the number of metha
molecules contributing to the signal from phase I8. With the
structure factorf el for the elastic line of the free rotors

FIG. 6. Dependence of the intensity of the free rotor line in F
5 on momentum transferQ. The solid line is the theoretical predic
tion according to Eq.~1! on the basis of the free rotor model b
Ozaki et al.
l

ts

e

ity
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which is proportional toj 0
2(Qr) for small Q values,11 the Q

dependence of the elastic contribution from phase I8 is given
by an expression analogous to Eq.~1!. This Q dependence is
plotted as dashed line in Fig. 7.

The dot-dashed line in Fig. 7 is the sum of the solid li
and the dashed line. Hence, it is a prediction for the m
sured intensity of the elastic line as a function ofQ. The
good agreement with the measurement~circles! shows that
the whole elastic intensity can be explained from the inel
tic part of the spectrum. This means that there are no m
ecules, where the rotation is so strongly hindered that they
not contribute to the inelastic scattering in the accessible
ergy transfer range.

The normalization constantsC and CI8 are, as already
mentioned, a measure for the number of molecules in the
phases I8 and II. From their numerical values, we have ha
obtained a ratio 1:1 in CPG-120 and a ratio 1:2 in CPG-3
for the number of molecules in phase I8 to the number of
molecules in phase II.

IV. QUANTITATIVE ANALYSIS OF THE SCATTERING
FROM PHASE I 8

The neutron spectra, which were presented in the prev
section are characterized by the superposition of two con
butions: scattering from an almost unperturbed phase II
scattering from another phase~we call this phase I8) without
long-range orientational order. In this section, we derive
model used for the quantitative analysis of the signal fr
phase I8 in the INS spectra. The basic idea of this model is
calculate the intensity distribution~as function of energy
transfer! in the INS spectra from a properly chosen probab
ity distribution for the tunnel matrix elements.

Within the framework of the pocket-state formalism, ea
CH4 tetrahedron may be characterized by seven overlap
trix elements, which are a measure for the overlap of wa
functions in different pocket states:10 Hx ,Hy ,Hz correspond

.
FIG. 7. Q dependence of the elastic line for CH4 in CPG-120

~see Fig. 4!. Circles: experiment; solid line: contribution of pur
elastic scattering and tunnelling lines in phase II; dashed line: c
tribution from phase I8; dot-dashed line: sum of solid and dash
line.
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to 180° overlap matrix elements~this means they describ
the overlap between wave functions for orientations of
CH4 tetrahedron, which may be transformed into each ot
by a 180° rotation about a twofold symmetry axis! and
h1 ,h2 ,h3 ,h4 correspond to 120° overlap matrix elemen
Site symmetry reduces the number of independent ma
elements. For tetrahedral site symmetry (42̄m), as in the
case of the ordered molecules in CH4-II, all 120° overlap
matrix elements are equal.

For describing the rotations in a disordered phase,
make the following assumptions:

180° overlap matrix elements are neglected, i.e.,Hx
5Hy5Hz50.

120° overlap matrix elements are randomly distribu
according to a Gaussian distribution around a mean va
h0 . This accounts for a statistical distribution of local pote
tials of low symmetry.

f ~hi !;expS 2
~hi2h0!2

2d2 D , i 51, . . . ,4. ~5!

In the case of a low-symmetry potential, the libration
ground state of a CH4 molecule splits into five sublevel
~tunnel levels!, which are classified according to their sym
p

d

q.

at

m

n

e
r

.
ix

e

d
e

-

l

metryG(G5A,T1 ,T2 ,T3 ,E) with respect to rotations of the
molecule~see Fig. 8!. The energies of theA level and theE
level are given by10

EA5D22~h11h21h31h4!, ~6!

EE5D1h11h21h31h4 . ~7!

D denotes the diagonal element of the 12312 Hamilton ma-
trix. The energiesET1

,ET2
,ET3

of theT levels are obtained a
the eigenvalues of the matrix:10

FIG. 8. Tunnel splitting of the librational ground state of a CH4

molecule in a field of tetrahedral symmetry~left! and in a field of
low symmetry~right!. The rotational levels are labelled accordin
to their symmetry with respect to the tetrahedral groupT.
ĤT5S D 2h12h21h31h4 2h11h22h31h4

2h12h21h31h4 D 1h12h22h31h4

2h11h22h31h4 1h12h22h31h4 D
D .
e
the

S
e

s.
ns

of a
ith

een

en
trib-
TransitionsG i→G f between the five levels in Fig. 8 show u
in the neutron spectrum at energy transfersD(G i→G f)
5EG f

2EG i
. Since transitionsA↔E cannot be induced by a

neutron, there is a total of nine energy transfers withD.0
and nine corresponding transitions withD,0 in addition to
the elastic scattering from transitions withG i5G f . For a
particular choice ofh0 andd, an INS spectrum is simulate
by a Monte Carlo procedure.

~1! A set~denoted by a numberk) of four matrix elements
h1

k ,h2
k ,h3

k ,h4
k is randomly chosen from the distribution in E

~5!.
~2! The energiesEA

k ,ET1

k ,ET2

k ,ET3

k ,EE
k are calculated

from Eqs.~6!, ~7! and by diagonalizing matrixĤ. This yields
the set of 932518 transition energiesD(G i→G f) within
the fivefold tunnel-split librational ground state.

~3! Eachmolecule kcontributes to the neutron spectrum
the energy transfersD(G i→G f) with the weight

w„D~G i→G f !…5pi~T!3I ~G i→G f !, ~8!

wherepi is the population of the respective ground stateG i ,
calculated from a Boltzmann distribution for the sample te
perature ofT55 K. I (G i→G f) denotes the probability of a
transitionG i→G f . These transition probabilities depend o
-

the values of thehi and were calculated according to th
formalism described in Ref. 10. More details are given in
Appendix.

Steps~1!–~3! are repeated typically 106 times and the INS
spectrum finally is obtained by summing up allw(D) in Eq.
~8!.

The broad distribution of scattered intensities in the IN
spectra~Figs. 3 and 4! has been fitted by variation of th
model parametersh0 and d @see Eq. ~5!#. h050.065
60.005 meV andd50.0460.01 meV were found for CH4
in CPG-120. The corresponding values for CH4 in CPG-350
are identical within the error bars. The fits~lower solid lines
in Fig. 3 and in Fig. 4! agree well with the measurement
Figure 3 additionally shows separately the contributio
from A→Ti transitions~dashed line!, Ti→E transitions~dot-
dashed line!, andTi→Tj transitions~dotted line!.

V. SUMMARY AND CONCLUSION

The INS measurements have shown the coexistence
coreof an almost unperturbed phase II of solid methane w
a phase without long range orientational order~phase I8).
The signal from the latter phase is similar to what has b
observed with CH4 in silicagels with pore diametersd
<60 Å .19 The analysis of the elastic intensity has prov
that there are no methane molecules present, which con
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TABLE I. Relative ~powder averaged! intensitiesI (G i→G f) of the transitionsG i→G f within the tunnel-
split librational ground state of a CH4 molecule in a potential of tetrahedral symmetry~i.e., h15h25h3

5h4). TheQ dependence is determined by the spherical Bessel functionj 0(A8/3QR).

A T1 T2 T3 E

A 135(113 j 0) 45(12 j 0) 45(12 j 0) 45(12 j 0) 0

T1 45(12 j 0) 27(113 j 0) 27(12 j 0) 27(12 j 0) 36(12 j 0)

T2 45(12 j 0) 27(12 j 0) 27(113 j 0) 27(12 j 0) 36(12 j 0)

T3 45(12 j 0) 27(12 j 0) 27(12 j 0) 27(113 j 0) 36(12 j 0)

E 0 36(12 j 0) 36(12 j 0) 36(12 j 0) 0
as
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re
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e
res.
d at
ute neither to the signal from phase II nor to that from ph
I8. Therefore the ratio of the inelastic intensity from the tw
phases is a direct measure for the relative number of m
ecules in the unperturbed phase II. We assume that the
ecules in phase I8 form a thin film on the pore walls and we
furthermore assume a spherical shape of the cavities
diameters of 120 Å in CPG-120 and of 350 Å in CPG-35
respectively. Under these two assumptions it is possible
calculate the thickness of the film. In both cases, a thickn
of d52065 Å has been calculated. We want to menti
that the assumption of two well separated phases of the
densate is an approximation, which neglects relaxation p
cesses at the interface between phase I8 and phase II. It is
very likely that the real transition from the disordered pha
I8 to the~partially! ordered phase II occurs continuously wi
increasing distance from the pore walls. Additionally,
separate behavior of the molecules on the pore walls~BET-
range! has been taken into account.

A model based on a statistical distribution of tunnel m
trix elements provides a quantitative description of the sc
tered intensity from phase I8. From the average matrix ele
ment h050.065 meV one may obtain the average stren
of the orientational potential from the following conside
ation: Hüller and Voll13,14have calculated the dependence
the energy\vAT of theA→T transition of a tetrahedron in
e

l-
ol-

th
,
to
ss

n-
o-

e

-
t-

h

f

potential of tetrahedral symmetry on the magnitude of
orientational potential:

\vAT5EfreeexpS 2
V2

2G2D . ~9!

Efree51.31 meV is the energy of the first excited rotation
state of the completely free CH4 rotor. Identifying \vAT
with the average energy of theT levels \vAT58h0,10 and
using the numerical valuesh050.065 meV and G
510.15 meV, one obtains an averageV514.3 meV. Here
we have used the same numerical value forG as for the
description of the INS spectra of CH4 in neon matrices. For
a more detailed discussion the reader is referred to Ref.
V514.3 meV for the potential strength is similar to value
which have been found for methane in silicagels with po
diametersd<60 Å.19 In these cases, only contribution
from a disordered phase were observed and no indicat
for a phase II showed up in the INS spectra.

Future structural investigations~mainly with small angle
neutron scattering! will focus on the development of mor
realistic models for geometry and topology of the mesopo
Further inelastic neutron scattering experiments are aime
the melting behavior of the methane condensates.
TABLE II. Matrix elementsM (Ti ,mi ;Tf ,mf) @see Eq.~10!# for a CH4 molecule in a potential of
tetrahedral symmetry.

G T1 T2 T3

m 11 0 21 11 0 21 11 0 21

11 2bGA eGA 0 bGZ 2eGZ 0 bGY 2eGY 0
T1 0 eGA 0 eGA 2eGZ 0 2eGZ 2eGY 0 2eGY

21 0 eGA bGA 0 2eGZ 2bGZ 0 2eGY 2bGY

11 bGZ 2eGZ 0 2bGA eGA 0 bGX 2eGX 0
T2 0 2eGZ 0 2eGZ eGA 0 eGA 2eGX 0 2eGX

21 0 2eGZ 2bGZ 0 eGA bGA 0 2eGX 2bGX

11 bGY 2eGY 0 bGX 2eGX 0 2bGA eGX 0
T3 0 2eGY 0 2eGY 2eGX 0 2eGX eGX 0 eGX

21 0 2eGY 2bGY 0 2eGX 2bGX 0 eGX bGX
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TABLE III. Relative ~powder averaged! intensitiesI (G i→G f) of the transitionsG i→G f within the five-
fold tunnel-split librational ground state of a CH4 molecule in a low-symmetry potential for a particula
choice of the tunnel matrix elements (h1 ,h251.1h1 ,h350.9h1 ,h450.95h1). The intensities of transitions
A→Ti and Ti→E do not depend on the numerical values of the matrix elementshi and are therefore identica
with those in Table I.

A T1 T2 T3 E

A 135(113 j 0) 45(12 j 0) 45(12 j 0) 45(12 j 0) 0

T1 45(12 j 0) 60.7147.3j 0 14.9214.9j 0 5.425.4j 0 36(12 j 0)

T2 45(12 j 0) 14.9214.9j 0 47.9160.1j 0 18.2218.2j 0 36(12 j 0)

T3 45(12 j 0) 5.425.4j 0 18.2218.2j 0 57.3150.7j 0 36(12 j 0)

E 0 36(12 j 0) 36(12 j 0) 36(12 j 0) 0
-

r
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APPENDIX

In the following, we briefly describe the formalism fo
calculating the transition probabilitiesI (G i→G f) used in Eq.
~8!. The general formalism is presented in detail in Ref.
Table I contains the relative intensities of the transitionsG i
→Gf calculated with the pocket-state formalism for the o
dered molecules in CH4 ~i.e., h15h25h35h4).10 Their de-
pendence on momentum transferQ is given by the spherica
Bessel functionj 0(A8/3Qr), where r 51.09 Å is the C-H
distance within a CH4 molecule~see Table I!. For a powder
sample, the intensities of transitionsA→Ti and of transitions
Ti→E are independent of the matrix elementshi within the
pocket-state formalism. The intensities of transitionsTi
→Tj , however, do depend on the numerical values of thehi
~more accurately on their differences! and may be obtained
from the following sum:

Ĩ ~Ti→Tf !5 (
mi521

11

(
mf521

11

uM ~Ti ,mi ;Tf ,mf !u2. ~A1!

The M (Ti ,mi ;Tf ,mf) are the elements of a 939 matrix
given in Table II for the case of a CH4 molecule in a poten-
tial of tetrahedral symmetry~ordered molecules in CH4-II).
We have used the following abbreviations:

b5
1

2
, e5

1

A2
, Gg5exp~ iQW rWg!, ~A2!

GA5
1

2(
g51

4

Gg , GX5
1

2
~G12G22G31G4!, ~A3!

GY5
1

2
~G12G21G32G4!, GZ5

1

2
~G11G22G32G4!.

~A4!
.

-

rWg denotes the position of protong(g51,2,3,4) in a CH4
molecule within a space-fixed reference frame. Finally
powder average has to be performed, which is readily d
with ~see Ref. 12!

^GlGm* 1Gl* Gm&

5H 2 : l5m l,m51,2,3,4

2 j 0~A8/3Qr ! : lÞm l,m51,2,3,4.

~A5!

This procedure yields the intensitiesI (G i→G f) as function
of momentum transferQ ~see Table I!, which are used in Eq
~8!.

As mentioned above, the intensities of theTi→Tj transi-
tions depend on the particular values of the tunnel ma
elements h1 ,h2 ,h3 ,h4 . The matrix M̂ 8(h1 ,h2 ,h3 ,h4),
which determines for an arbitrary set of matrix elementshi
the intensities according to Eq.~A1!, is obtained from the
matrix M̂ (h15h25h35h4) in Table II by

M̂ 85R̂TM̂ R̂. ~A6!

The 939 matrix R̂ may be written as

R̂5S R11Ê R12Ê R13Ê

R21Ê R22Ê R23Ê

R31Ê R32Ê R33Ê
D , ~A7!

with Ê being the 333 unity matrix. TheRi j are the elements
of the 333 matrix, which diagonalizes the 333 matrix ĤT
in Sec. III. As an example, we show in Table III the inte
sities calculated to the described procedure for a set of ma
elements withh1 ,h251.1h1 ,h350.9h1 , andh450.95h1 .
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