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In a simple model of (mechanically and magnetically)
isolated methyl groups with mutual intramolecular dipo-
lar coupling between the nuclear magnetic moments of
the three protons the conversion rate (i.e. for the symme-
try changing transitions E*®«<s 4) is investigated. It turns
out, that within the model of a fixed rotational axis only
half of the E-symmetric rotor states can convert into
A-symmetric ground states.

The usual coupling to the phonon bath of thermal
lattice excitations is considered in lowest order perturba-
tion theory, and used to describe the temperature depen-
dence of shift and broadening of tunnelling- and libra-
tional lines by inelastic neutron scattering (INS). For
the two possible types of this phonon coupling, breathing
and shaking, a different temperature dependence of the
conversion rate is obtained. The temperature dependence
of the INS-spectra and of the conversion rate are pre-
dicted to be mutually interdependent.

Only in case of a non zero phonon coupling of
breathing type a non vanishing conversion rate at zero
temperature is found; this rate is estimated to be propor-
tional to @?.

1. Introduction

Since the discovery of the stability of the hydrogen
ortho-species [1] over times, which are long compared
to typical thermal relaxation processes determined by
lattice anharmonicities, the phenomenon of nuclear spin
changing transitions in systems with rotational degrees
of freedom encouraged an increasing number of experi-
mental [1-20] and theoretical [21-25] investigations. So
far, it is generally accepted that this long time stability
results from the invariance of all pure spatial operators
(ie. the potential operators depending on interatomic
distances) with respect to rotational symmetry opera-
tions that correspond to permutations of the (identical)

protons. These even operators do not mediate symmetry
changing transitions, in case of H, between adjacent ro-
tational states of the dumbell rotor (of alternating even
and odd symmetry). Insofar, the physical situation in
the XH; or XH, systems is analogous to the H, case;
one important dissimilarity lies in the magnitude of the
energy difference between the lowest states of unlike sym-
metry (tunnelling energy w,): in solid hydrogen this ener-
gy is about 170K (even bigger than the Debye fre-
quency), whereas in CH, systems, which are the main
subject of this paper, the maximum value is 7.13 K, more
typically is 10-100 mK (cf. Fig. 1). In the hydrogen case
the relevant lattice temperatures are therefore always
small compared to the lowest transition energy for a
conversion process.

After a short review over some experiments in
Sect. 2.1, the characteristics of operators inducing sym-
metry changing transitions will be discussed in Sect. 2.2.
In Sect. 3 the model is formulated and the results for
the conversion rate is calculated. As an example the effect
of a Debye type density of phonon states will be investi-
gated in Sect. 4.

Fig. 1. Energy level scheme of a XH; rotor; typical values for w,
are some peV whereas the librational epergy EY —EL is typically
10meV. The spatial parts of the wave function are of different
symmetry (I'=A, E° E”). Tn order to achieve totally symmetric
states with respect to even proton permutations (corresponding
to a 27/3 rotation) a spin space wave function of appropriate sym-
metry has to be multiplied [25]
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2. The state of the art
2.1. Experimental findings

In the following a short survey over experimental meth-
ods and important findings will be given:

In specific heat measurements [2—4] one observes the
Schottky anomaly at different cooling rates. Inaba et al.
even have been able to determine the dependence of the
conversion rate 1/7.,, on the temperature. Two impor-
tant results for NH -ions in a KBr matrix are:

1. for temperatures between 4-10 K the activation ener-
gy derived from an Arrhenius plot corresponds quite
well to the librational energy, i.e. the difference between
the lowest states of same symmetry

2. down to the lowest temperatures investigated (this
part was done by INS), a finite conversion rate is found

In classical nuclear magnetic experiments the nuclear
susceptibility is measured, which is proportional to <I*)
(I denotes the total nuclear spin operator of one rotor)
[5-7]. This quantity changes with varying relative popu-
lations of the rotational symmetry species (see below).
In solid methane phase II the conversion rate was found
to be inconsistent with a tunnel activated process.

A new NMR method uses the inversion in the occu-
pation of the tunnelling system which could be realized
by suitable coupling to the Zeeman system [9, 10]. This
technique does not use the thermal depopulation of the
tunnelling levels and is therefore the only method avail-
able to determine conversion rates at lattice tempera-
tures well above w,. In copper acetate, a roughly libra-
tional activated rate was found at temperatures large
compared to the tunnelling energy [11], deviations occur
at lower temperatures.

The most direct and detailed observation of the rela-
tive populations of different tunnelling levels, especially
in systems containing inequivalent rotors and/or rotors
with more than two symmetry species (as in CH,), is
possible by inelastic neutron scattering (INS). In particu-
lar, (CH,),Kr, _ ,-mixtures arc investigated intensively at
the ILL Grenoble [26, 12] by this technique. It has been
demonstrated for the first time that pure A-symmetric
methane had been created [13].

From the total neutron scattering cross section, using
a neutron wavelength longer than the diameter of the
rotor [21], it is also possible to determine the spin species
population (particularly for not complicated tunnelling
level schemes). As in the case of the nuclear susceptibility
the total neutron scattering cross section depends on

I3y
Goe=N oy {1+21—_§§ﬂ( I ~1>} )

I,

where N denotes the number of protons per rotor, oy
the total incoherent scattering cross section of one pro-
ton, x:=2k,r contains the incident neutron momentum
k; on the scale of the proton-proton distance r. The ex-
pectation value {-> depends on the relative populations
of different symmetry species, the relaxation of this quan-

tity towards the expected value at the lattice temperature
T is observed over the time; (-, denotes the thermal
expectation value at infinite temperature. For protonat-
ed methyl groups (I*)> varies between 4> for pure A4
symmetric states to § at equal populations of all symme-
try species (high temperature limit). Only for T<w, and
1/k;<r there is have a measurable effect. Measurements
are performed by the condensed matter research division
of the PTB Braunschweig. The predicted dependencies
of (1) on the incident neutron wave length [14] and on
the temperature [15] have been verified. Moreover, ex-
perimental evidence was collected for numerous materi-
als containing XH; and XH,. For those substances, that
did convert at a time scale of hours to hundreds of hours,
quite varying temperature dependencies of the conver-
sion rates were found [16] (at temperatures around the
tunnelling energy). In CH,, with 15% Kr, the tempera-
ture dependence of the conversion rate does not repre-
sent a tunnel activated process [12].

Only neutron scattering allows to determine absolute
values for the spin temperature.

2.2. Transition operator

Many particle operators, that can induce transitions be-
tween states of different rotor symmetries, necessarily
have to involve other degrees of freedom than only the
spatial space, as e.g. the nuclear spin space.

Operators, that involve the nuclear spin space are:
i) interaction of the nuclear magnetic moment with the
magnetic field gradient due to a paramagnetic moment
(of electronic or nuclear origin) in the neighbourhood
ii ) the electric quadrupolar interaction of the hydrogen
nuclei with an electric field gradient caused by the clec-
trons (this is considered to be the dominant conversion
mechanism for deuterated rotors [17]). However, be-
cause protons have no quadrupole moment, we are left
with the first type of operators, where the dipolar interac-
tion can either be inter- or intra-molecular.

Experimentally it is found that the presence of strong
paramagnetic centers like O, or Mn — ions always leads
to rapid conversion [5, 16]. In that case, the phonon
coordinates are involved directly via the distance depen-
dence of the dipolar interaction between the paramag-
netic moment and the proton magnetic moment. The
corresponding theory resembles to the spin conversion
theory in H, (where neighbouring ortho-molecules are
treated as an effective I =1 paramagnetic moment) [22];
the intermolecular dipolar mechanism in CH, is exam-
ined in [23]. Qualitatively the results of Sect. 3.3 for the
temperature dependence of the conversion rate should
also be valid for the intermolecular mechanism, in partic-
ular for T2z w,.

In the context of the intermolecular magnetic interac-
tion it is important to bear in mind the “symmetry re-
stricied spin diffusion process” [24] (i.e. the exchange
of symmetry quantum numbers of rotors via the secular
part of the dipolar interaction — without involvement
of phonons) that gives rise to an additional process in
the conversion dynamics for the case of diluted conver-



sion centers. This process is investigated in [23, 18, 19].
In Ref. 13 the inefficiency of this diffusion for AI=2 is
clearly shown.

In absence of strong or very near lying paramagnetic
centers, the magnetic interaction between the protons
within the rotor has to be considered. It was established
by Haupt [25] that in XH; molecules, the symmetry
species A and E*® are mixed by this dipolar interaction.
Here essentially the same Hamiltonian is considered as
in {25], however, the phonon contributions will be exam-
ined more thoroughly, because they play a central role
in understanding the conversion process.

Nijman and Berlinsky [23] have shown that the di-
polar interaction itself not necessarily has to involve the
phonon coordinates directly (a fixed intramolecular dis-
tance between the protons assumed) in order to lead
to a finite conversion rate. Nevertheless, the pronounced
anharmonicity of the 1/r® potential is now absent and
consequently the importance of multiphonon contribu-
tions. In [23] the nuclear spin conversion rate for the
low temperature phase of methane is calculated by tak-
ing into account a “hybrid mechanism™ for the magnetic
and the phonon part. Three important findings were:

1. the intramolecular dipolar mechanism dominates
over the intermolecular one (though not by orders of
magnitude; it turned out that the dipolar matrix ele-
ments are very similar, the dissimilarity is mainly due
to different distancies)

2. the phonon density of states plays an important role
for the conversion rate and its temperature dependence
3. dilute paramagnetic impurities have only a limited
radius of action for spin species conversion; for equili-
bration over the sample the symmetry restricted spin
diffusion must be taken into account

For the temperature dependence of the conversion
rate a ii(w,)=(exp(w,/T)—1)" ! law is found, using Fer-
mi’s Golden Rule for the transitions between the lowest
tunnelling states.

As already said in Sect. 2.1, most of the experimental
results do not show this w, — activated temperature de-
pendence of a resonant one phonon process; in particu-
lar at temperatures much larger than w,, an activation
energy around the librational energy is found.

3. Conversion rate of individual methyl groups
3.1. The model

In this section, the results will be presented for the sim-
plest Hamiltonian H, that allows spin conversion of a
rotational tunnelling XH;-system.

H=H"™+H+ H°P + H'
H™®:=—Bodi+Vscos3 =) El |mIy{mI|
m, I
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B is the rotational constant (=650 peV), the hLL. are
the matrix elements of the sum over three dipolar inter-
actions Hj;" in the eigenbasis of H*" (m denotes the libra-
tional quantum numbers) and will be discussed in
Sect. 3.2. Note that H™ and HP® act only upon the rotor
space and that H' contains only one phonon processes.

2
H‘iijd:z% (I7I5(1—3 cos” 6)

—z(1=3cos® O I +1I7 I})
—3sinfcos@e (I I} +1 I —hc.

J
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r being the mutual distance between two protons, v the
nuclear magnetic moment, 6 and ¢ the polar angles of
the distance vector between the i and the j® proton
and I; the nuclear spin operator of the i'® proton. The
Hamiltonian H™' + H?®+ H', which has strictly C, sym-
metry and therefore does not mix different symmetry
species, is usually considered to describe the temperature
dependence of INS spectra [27]. The two parts of the
rotor — phonon coupling H' modulate amplitude (g;:
breathing coupling type) and phase (g}: shaking coupling
type), respectively of the single rotor potential.

The symmetry changing transition rates due to H°P
will not be calculated by using Fermi’s Golden Rule
for the |0E)Y — |04} transition, but rather by determin-
ing the time evolution in the occupation probabili-
ties of different rotor symmetries. The transition rates
Ry between different symmetry species are calculated
as time derivatives of the expectation values of the
projectors Fp(f) into the I'-symmetric Hilbert space for
a I'"-symmetric thermal equilibrium state pp.
=P ¢ P B./Tr{B.e #¥ B.} (where f is the inverse lat-
tice temperature) and for times long compared to all
other time evolutions, including the inverse tunnelling
frequency.

d
Ry p= ) (B @))r

Edit Tr{pp ™ (L imI) mT))e 7. 3

So Rp.r- describes the change of probability for the sys-
tem to be I' symmetric presupposing a I” symmetric
thermal equilibrium state. This is done in second order
time dependent perturbation theory with respect to H'.
It is important to consider the transition rate from the
whole I"-symmetric Hilbert space into the whole I'-sym-
metric Hilbert space, because on the time scale of the
very slow symmetry changing transitions due to HPP,
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all the symmetry conserving transitions between the li-
brational levels through absorption or emission of a res-
onant phonon are fast, eventually even for temperatures
around the tunnelling energy. Otherwise one easily over-
looks important symmetry changing transitions across
the librational energy. Second order perturbation theory
is used despite the fact that in typical physical situations,
H'is not small [28].

3.2. Matrix elements of H°P

The traceless matrix of the intramolecular dipolar inter-
action HPP in the basis of the eigenstates of H™ has
the following structure:

b b
A3/2 A1/2A—1/2A—-3/2 E‘{/Z E% 1/2 E1/2 E 1/2

2a 0 0 O 0 0 0 hiE Asjz
0 Za 0 O 0 0 0 0 Ay
0 0 0Za O 0 0 0 0 A1
0 0 0 02a B, 0 0 0 A_3p
0 0 0 K4 —3a4 O 0 0 Ei)2
0 0 0 0 0 —32a O 0 EL,
0 0 0 o 0 0 —3a O Ey
KEA 0 0 O 0 0 0 —3a/ Ey),
)
where

2
L /33m T | e 2+ |mI

Y rr
:F 5m,m’a hm’m:= -

2
and %= 1.6-10° s~ 1, which is much smaller than typical

tunnelling rates ~10°s~'. The matrix elements AL/,

have the properties
D) 1Al = i
if) hrr/-—e]R hEid=pE4
i) HL =0, hEEP =0
iv) BEF YalEns O m apart from a positive constant.

The structure of the HP? matrix (4) follows immediately
from

2
HPP =T [(15 5+ 1 (I +13)+ oyl

—3e 2e(If If +el; I +e*15 I{)—hc]

where ¢:=¢'2™3 and the direction of the magnetic quanti-
zation axis is chosen to be the rotational axis. Then the
terms ~e¢'® of H{ do not contribute. It is important
to note that possible inclinations of the rotational axis
against the z-axis due to certain phonon modes are now
neglected. (4) is in accordance with [25], its structure
remains the same when using correctly antisymmetrized
states according to [29, 30] for the rotor (regarding also
odd permutations of the protons).

As a consequence of (4) there is no mixing of z-com-
ponents of the total spin without symmetry changing,
there are no E%« E® symmetry — changing transitions
and there is no way for E% ,,, and Ej, states to convert
into A-symmetric states. However, choosing a new coor-
dinate system modifies the matrix (4), ¢.g. z— —z, leads
to an interchange of E® and E?; important is, that only
half of the E-symmetric states could decay into ground
states via HPP. Furthermore, there is no mutual mixing
of the two pairs (Ef,,, A_3,) and (E”,,,, A3/;). There-
fore, the conversion time will be determined directly by
the transition rates Ry.p, it is not necessary to solve
a more complicated rate equation.

3.3. Calculation of the transition rate

In the following, the pair of symmetry labels (I; I') stands
for (E$,2, A_s5) or (E%, 5, A3),) with nonvanishing mu-
tual transition rates; the z-component will be omitted
for notational clearness. It is convenient to use

Hy= ZEQl¢§><¢£zI+Z@kbf by, (5)
m, I’ k
with
I‘ hrr %2/l
YRy =imyt 5 e (T (sa)

m’

as unperturbed Hamiltonian. The |%)> form a complete
orthonormalbasis of the rotor — space in first order of
hl.7, though they transform no longer I'-symmetric with
respect to the symmetry group C,;. The modifications
of the eigenvalues of the rotational part due to HP? (pro-
portional to a in (4)) are neglected because the matrix
elements k.. are very small compared to all energy dif-
ferences of Hmt Furthermore the m'+m summands in
(5a) may be neglected, as the low lying tunnelling ener-

gies EEZ — E4 are much smaller than the librational ener-
gies Ef — EL. if V> B. Then (5a) reads

hr’r
Wy =ImIy +ty | ML, = B ET - (6)

Note, that I" and I"” belong to different A and E*® sym-
metry species (cf. Sect. 3.2) and that #,,<1. In the basis
(6) the perturbation H' becomes:

H'=" 3 g ¥ Wl =11 [0 > Y|

k.m,m’', I
o [ WD e |+ o [0 > e 1 (B +-B5)

I'" here is determined by I'; H' contains now the symme-
try mixing matrix elements #,,,.

The time evolution operator, written in second order
with respect to H':

t
_ j d¢ eifo! gle~iHot

e iH! _ o —iHot [1
0



t '
. j‘ dt, j‘ dt” eiHot' HIe—iHO(t’—t”)HIe—iHOt”+0((HI)3):|
0 0

(7

is used to calculate {|YL>WL|(t)>r according to (3).
It turns out, that in the thermal equilibrium state pr.
of (3) up to second order in H', e ## could be replaced
by e~ #Hc and that for transitions with I” %I only the
square of the term ~i in (7) contributes. For

WES GPLI(6) ) 1 the results is:

1 - . ,
? Z ¢ PEL (gim’m N — ggm’m ”m)('— ggmm' Am+ gi‘mm’ nm’)
k,m’

t t
i j‘ dt J‘ d ¢ ei(E{;,', —EDY@ —t") [ﬁk eiwk(t’ —t'")
0 0

(e ) e =)

with Z7:=Y e . fj:=(f*—1)""; note that g,
:(g;;m'm)*
Using
t
fdﬂjdfb“w“"hzzl'm”it pe
4] 0 )\'2

27t8()

the rates (3) finally become:
2 —BEL: | o r 2
RIV—I“':_Z—F z € i ngmm’ N — Brmm' r]m‘

k,m,m’

[ 6 (EL, — En+ ) + (i + 1) 6 (EL — EL — m,)]. (8)

These rates depend on the coupled phonon density of
states at all possible inelastic transition energies of the
unperturbed rotor Hamiltonian H™; they obey the re-
quirement to establish global thermal equilibrium in the
long time limit (detailed balance):

Rpey ZF
R,., Z*

This is used to test numerical calculations. The conver-
sion rate is given by 1/t.,n =R g+ Rp—4.

3.4. Discussion of the transition rates (8)

The properties of the |...|* for V;> B (numerical values
will be given in Sect. 4 for the special case of Debye
phonons) lead to the following temperature dependence
of Ry

1. T=0=- i) Ris only non vanishing for finite phonon
coupling of breathing type at w,=w;
ii) This conversion rate is proportional to
w? (cf. Sect. 4)

14 27i(w,) behaviour for breathing type

. T . .
2 T<o= ii(E, — E,) behaviour for shaking type
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3. Tz w, = sharp increase of the activation energy for
breathing type

For the breathing type the crossover temperature from
a tunnelling to a librationally activated behaviour occurs
somewhere above T2 w,, depending on the coupled den-
sity of phonon states determined by the gf at the libra-
tion energy and on the relative magnitudes of tunnelling
and librational frequencies determined by V;/B. Addi-
tional shaking type contributions may increase the libra-
tional activation. It is worth noting that the perturba-
tional approach breakes down for high temperatures
T>»E,—E,, as the matrixelements of H!' are increasing
with increasing .

These properties are in agreement with a variety of ex-
perimental observations:

® CuAc shows a librationally activated conversion rate
in the temperature regime 15K <T<30K (o,~3mK,
W, =206 K) [11]

® 4-Methyl Pyridine has a finite conversion rate at tem-
peratures ~2K (w,~6K) [3, 16], no pronounced shift
of the tunnelling line is reported [31] and one may find
arguments for a finite phonon coupling of breathing type
[32]

e NH,Ac and NaAc do not convert at low tempera-
tures and they both show a pronounced shift towards
smaller energy transfers [33], which is an indication for
a dominant shaking type of phonon coupling [34, 28]

Furthermore XH, systems follow qualitatively these
trends:

@ the conversion rate of the orientationally ordered ro-
tors in solid CH, phase II shows an increasing activation
energy towards higher temperatures [§], in contradiction
to the behaviour expected from a tunnel resonant one
phonon process {23]

e NH,CIO, [16] and NH, in KBr [4] show a promi-
nent change of the activation energy for temperatures
greater than o, (in the second case, however, the tunnel-
ling frequency is not small, but nevertheless the level
distances between rotor states of the same symmetry are
larger than w,.

In CH,;lI, which is known to have a dominant phonon
coupling of breathing type at low frequencies [34], a
finite conversion rate at T=0 would be predicted.

The observation that CH,, containing a few percent
Kr substitutes, converts much more rapidly than pure
methane [20, 35, 12] might be understood qualitatively:
due to the w? law for the low temperature conversion
rate (this law I would expect to be true also in XH,
systems, as it results from the low frequency density of
phonon states and the rotation-phonon coupling poten-
tial ~1k|) those rotors with many Kr neighbours and
consequently high tunnelling frequencies could be re-
garded as conversion centers; equilibrium of the symme-
try species concentration is established by symmetry re-
stricted spin diffusion. Despite slightly different tunnel-
ling frequencies at different sites, this diffusion could take
place without phonons owing to broadened tunnelling
states by the orientational coupling in this system.
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4. Debye phonons

In order to give an illustrative example, I use a Debye
density of phonon states and coupling constants

g{mm,oc@. This corresponds to the assumption, that
the variance of the difference between the displacements
of rotor and some neighbouring atom is proportional
to the modulus of the wave vector and that the disper-
sion is linear. It is a reasonable assumption for low fre-
quency acoustic phonons, however, in the vicinity of the
libration this choice of phonon spectrum and coupling
strength is certainly quite unrealistic due to large contri-
butions of libronic states.

If the two extremes of a pure breathing and a pure
shaking type of phonon coupling are investigated, the
coupled density of states then may be written:

3
w
2| 8kmm1? 60— ) =3g> Pl | M 12 © () © (0 — )
k D

with
0 . w<0
@(a’)'“{1 =0
which is proportional to w* With ML,

. cos 3¢ , breathing
={ml| {sin3q>} |m' > for { shaking} type and g

==g2%/|/ V3w, a dimensionless prefactor controlling the
overall strength of the phonon coupling, the rate will
be simply proportional to g*. The rates Ry. . become:

6ng? _
Rrcr=—2=Vy 3. Apne |0l [ i)
D m,m’
e ~BEL
+ 0@pm)] “r— O @p— @) ©)
with

COmrm==E5/ — E;a ﬁ(x) ::(eﬂx - 1)_ 1’
Ay i=| ML e — ML . 9,,]*. Examples for the matrices
Ay are shown in Table 1.

2

Note, that for breathing type coupling M§,— Mé, ~ w,
for large V; (this was already used to show the w? —
dependence of the low temperature conversion rate in
Sect. 3.4) and that there is a nonvanishing w, — activat-
ed contribution, because ME; +0.

For two choices of the Debye energy the conversion
rates are plotted in Figs. 2 and 3. The following qualita-
tive trends are found:

— The high temperature behaviour is dominated by the
shaking contribution with its librational activation.

— At low temperatures the breathing contribution domi-
nates by many orders of magnitude; the temperature
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Fig. 2. Conversion rate > (in units of s™%) versus T/w, for
con

a debye model. Two cases for the debye frequency wj, are shown:
A denotes the case where w,=18B, which is between w,, and
W,g, the O-lines refer to wp=30B, which is larger than w,y; b
means “breathing” and s “shaking” coupling type. In the low tem-
perature regime pure shaking type leads to conversion rates, which
are smaller than for breathing type by many orders of magnitude

Table 1. Matrix elements 4, / . (in units of B™?) as defined in the text for pure breathing (Table 1a) or pure shaking type (Table 1b)

(>

of phonon coupling respectively and for V;==20B. Ay, is only nonvanishing in case of the breathing type. The magnitude of the elements

decreases rapidly as m, m'>5; the # entries denote very small elements

m\m 0 1 2 3 4 5

a) 0 0.037822 0.715976 153.0085 25.31636 5.046925 1.133939
1 0.000762 0.012606 0.079831 0.384394 0.054455 0.016518
2 165.3536 0.000040 0.000026 0.000061 0.000342 0.000018
3 0.000003 0.406948 0.000012 0.000007 0.000003 0.000068
4 30.250711 0.000001 0.000424 0.000001 #* #*
5 4 0.007492 #* 0.000073 ¥ #*

b) 0 0 635.3859 17.40019 48.08953 4.932299 1.137103
1 673.6756 0 0.615832 0.197239 0.054403 0.016430
2 0.000009 0.514170 0 0.000291 0.000217 0.000016
3 3545186 0.000020 0.000472 0 0.000002 0.000049
4 # 0.350531 0.000008 # 0 0.000002
5 0.410041 ¥ 0.000008 0.000001 0.000010 0
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Fig. 3. Same as Fig. 2 but now in Arrhentus representation: w,/T
as abscissa. The temperature range, where the activation energy
changes in case of breathing coupling type, depends on V; (and
on the relative weight of low and high frequency phonons, which
is fixed in a debye model). In Fig. 3a breathing and shaking type

dependence gives a 1+ 27i(w,) — behaviour; in this limit
the result [23] is recovered. A

— The increase in activation energy for breathing type
coupling occurs here at T~20w, which is higher than
in the existing experimental observations [8, 16, 4]. This
is taken as a strong hint for the relative importance of
librational and/or shaking phonons.

— The influence of the second librational level is weak,
even for a pure breathing type coupling.

For the considered tunnelling energy of 0.19 K (corre-
sponding to V3=20B) the resulting absolute values of

. L days
the low temperature conversion time is about 20 gz

for pure coupling of breathing type. It is important to
remark that the smallness of the conversion rate at low

temperatures is not only determined by the smallness
2

of the dipolar interaction :—3 B but even more crucially

by the smallness of w3/w}).

5. Conclusion

The considered model (2) of mechanically and magneti-
cally isolated XH ;-groups with fixed direction of the ro-
tational axis allows no complete conversion into the A-
symmetric ground state. This is a consequence of the
restricted spatial degrees of freedom considered for the
protons and has no analogy in XH, rotors. Complete
conversion of methyl rotors (without paramagnetic
centers) either requires the magnetic coupling between
different rotors or coupling to phonons, that incline the
rotor. In order to determine the significance of the sec-
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of coupling are compared for w,=18B, in Fig. 3b a section is
shown for the breathing type and w,=18B and w,=30B. The
dashed lines correspond to a pure resonant one phonon process
~1+27(w,)

ond mechanism, more detailed information on the rotor
phonon coupling would be valuable.

The symmetry changing transition rates including all
librational initial and final states has been calculated
in presence of a weakly coupled phonon bath in order
to resolve its temperature dependence. The often ob-
served increase of the activation energy for Tz w, and
the librationally activated behaviour at temperatures not
very small compared to the librational energy becomes
understandable. So to speak, it is favourable for the sys-
tem to do the conversion process across the librational
transition (gaining the much larger density of coupled
phonon states) provided the Boltzmann factor is not too
small; in particular for a phonon coupling of shaking
type, this is the only way for the rotor to come into
global thermal equilibrium. The absolute values for the
low temperature conversion rates due to the phonon
coupling of breathing type, which result from model (2)
are about 20 gzzﬁ, depending on the low frequency
acoustic phonon density and coupling strength.

The temperature dependencies of the conversion rate
and of the shift of the tunnelling line are predicted to
be mutually related, because they both depend on the
coupled phonons. However, one has to bear in mind
that the shift (even in lowest order perturbation theory
[27]) is given by an integral over the coupled density
of phonon states whereas the conversion rate depends
only on its value at certain frequencies, which may be
quite far separated from each other e.g. for high V5. But
assuming a not too wild behaviour of both functions
gi and gj (cf. (2)), I would formulate the rough statement:
rotational tunnelling substances showing a pronounced
shift of the tunnelling line towards smaller energy
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transfers with increasing temperature are expected to
convert very slowly at low temperatures and librational-
ly activated at elevated temperatures whereas substances
showing weak or even positive shifts should convert at
lowest temperatures. Also the available experimental evi-
dence seems to support this interrelation.

Many fruitful comments from H. Friedrich, K. Guckelsberger,
R. Scherm, V. Wagner, B. Asmussen, S.Grieger, W.Press and
A. Hiiller are gratefully acknowledged, S. Grieger and A. Wiirger
helped avoiding an error. The group 7.4 at the PTB Braunschweig
1 want to thank for making available a Jarge amount of unpublished
experimental results and the group 8.1 for pleasant hospitality. It
is expressed gratitude to L. van Gerven for submission of newest
preprints. Financial support was received by the Bundesministe-
rium fiir Forschung und Technologie, Contract No. 03Hu2Erl

Note added in proof

In the meantime a new optical method came to the knowledge
of the author, developed at the University of Grenoble by C. Borc-
zyskowski, A. Oppenlinder, H.P. Trommsdorff and J. Vial, which
allows the determination of conversion times. For certain systems,
where this method is applicable, the high temperature behaviour
can be investigated, even in systems with large tunnelling frequen-
cies.
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