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We studied by high resolution inelastic neutron scattering the isotope effect of tunneling 
of coupled methyl groups in lithium acetate dihydrate (LIAC). Fully protonated, fully 
deuterated and mixed LIAC samples were investigated. The results are described by 
a simple model in which it is assumed that the single particle potential hindering rotation 
is strongly increased by deuteration, whereas the coupling potential is nearly unchanged. 
This allows to interpret the very strong isotope effect and also the spectra of the mixed 
compounds. The strong increase of the single particle potential by deuteration is tentative- 
ly explained by phonon mediated coupling. 

1. Introduction 

Rotational tunneling of methyl groups in Lithium 
acetate (MAC) has been studied in the past in detail 
experimentally and theoretically [1 to 71. The reason 
for the interest in this compound is the fact that it 
is the model system for coupled pairs of methyl 
groups. The crystal structure of fully protonated 
LIAC (CH 3 COOLi. 2 H 2 0  ) was determined by single 
crystal X-ray diffraction at room temperature by Ga- 
lign6 et al. [8]. The structure is orthorhombic with 
space group Cmmm. No phase transition is reported 
to occur down to liquid helium temperatures. The 
CH3 groups occur in pairs (distance 2.5 A) with a 
common axis of rotation along the b axis. The dis- 
tance between nearest pair axes is 6.6 ]k. The tunnel- 
ing spectrum and its temperature and pressure depen- 
dence have been studied by inelastic neutron scatter- 
ing (INS) [3-5]. The methyl-methyl coupling mani- 
fests itself by the lineshape of the spectra which is 
more complicated than in a system with uncoupled 
groups. 

A theoretical explanation of the INS results has 
first been given by Clough et al. [-3] and later by 

H/iusler and Hfiller [7]. In both cases the coupled 
pair is described by a simple model Hamiltonian: 

H=H1 + Hz + H~2 (1) 

with 
0 2 

Hi= - B ~ +  V3 

and 

cos 3 ~bi 

H12 = W3 cos 3 (~b 1 -- q52) (2) 

~bi and B i are the rotational coordinates and rotation- 
al constants: 

B h2 )'647.5 geV for C H  3 groups 
= ~ = ( 3 2 3 . 7  ~teV for CD 3 groups 

I is the moment of inertia. We neglect bond length 
differences between CH3 and CD 3 groups. 

Expression (2) for the interaction potential of a 
pair of coupled methyl groups is the simplest, one 
can write down. The Schr6dinger equation with Ha- 
miltonian H can be solved numerically to any desired 



336 

degree of accuracy [-3, 7]. A parameter pair (1/3, W3) 
which describes well the tunneling spectra of CH3 
groups in LIAC was obtained [3] : 

V3 = 2.96 Bproton , 

W3 = - 6.58 Bproton ' 

By simple scaling with the rotational constants we 
can predict on the basis of these values the tunneling 
frequencies of deuterated pairs to be around 25 geV 
compared to values near 270 peV for protonated 
pairs. This isotope effect is even stronger than it would 
be for single methyl groups due to the non frustrated 
type of coupling (Wa<0): An orientationally more 
strongly localised deuterated neighbour deepens the 
averaged potential at a certain methyl site. 

The isotope effect on methyl tunneling has already 
been studied in a number of other compounds which 
however do not exhibit coupling effects [9-12]. Meth- 
ane is a system where coupling effects were observed 
[13] and where the isotope effect has also been stud- 
ied [14]. The latter is however strongly influenced 
by the fact that the crystal structures of CH 4 and 
CD 4 are quite different at low temperatures leading 
in this case to spectra for the two species with com- 
pletely different shapes. 

The aim of the experiments presented in this paper 
was to study the isotope effect in LIAC by INS to 
gain more detailed information about the potential 
barriers hindering rotation. We investigated both 
isotopically pure and mixed samples of polycrystalline 
LIAC. 

In Sect. 2 we present some theoretical aspects 
about tunnel splittings and spectra of protonated, 
deuterated and mixed methyl pairs. The experiments 
and results are described and discussed in Sects. 3 
and 4. 

2. Theory 

2.1. Spin states of  single CD a groups 

The C D  3 groups has (2 I+1)3=27  different spin 
states (Ido,t~ron = 1). They have either A, E a o r  E b sym- 
metry [15]. From the three one-deuteron spin states 
I1"), 10), I+) we can construct the 27 spin states 
[F; I, 15) of CD 3 which have to be eigenstates of the 
z-component Is and the square 12 of the total angular 
momentum operator. F is either A, E a or E b. The 
27 spin states of CD3 are given in Table 1 
(e = exp(i 2 n/3)). 

2.2. Transition probabilities for the inelastic 
and quasielastic peaks of  neutron scattering 
from single CDa groups 

The spin incoherent part of the neutron scattering 
operator W can be written down in a symmetry- 
adapted form [16, 17] : 

W =  89 • W r, W r = Wrath.," Wfp*n (3) 
F 

(* stands for Hermitian conjugate) 

3 
WsFatial=as Z xJeiQ'RJ, (4) 

j=1 

2 3 
r Z zJsI j ,  (5) ~spin ~--- ~ J = 1 

Z= e for F = E  . (6) 
e* for F = E  b 

S is the neutron spin operator, a~ the spin dependent 
scattering length, Q the momentum transfer and Rj 
the position operator. 

W A is responsible for transitions in which the 
methyl group does not change its spin symmetry and 
it therefore gives rise to the elastic peak. W F" and 
W Fb are responsible for the inelastic and quasielastic 
peaks [16]. 

The double differential cross section for neutron 
scattering is given by: 

d2o - k' 
ds d c o -  k Z Pu P"rrIz 

n,F,I,  l z ,#  
n' ,F',I ' ,I=',#" 

. [ ( # ' l ( F ' ; I ' , I ~ l ( n ' ; F ' l W r " l n ; F )  lF; I , I~) l# )12  
 9 6 ( h o 9  r r "  + E .  --E.,) (7) 

where k, k' are the moduli of the initial and final 
neutron wave vectors, I#) is the neutron spin state, 
Pu its initial statistical weight. In; F) denotes the spa- 
tial state of the molecule, P, ruz the statistical weight 
for the initial state. E r and E,r; denote initial and 
final energy eigenvalues respectively. For unpolarized 
neutrons P, = I/2 and for an unpolarized sample, i.e. 
Pnrl I*  not depending on I and P, we have: 

d2o - k' 
-- Wspatial [ n; F)12 dOdco k ~ P.r l(n ' ; r ' l  r" 

n,F 
n',F" 

F F"  9 Sr , r6 (ho)+E.  - E . , )  (8) 



337 

T a b l e  1. S i m u l t a n e o u s  e i g e n s t a t e s  o f / '~  := / ' ]  + / ' ~  + f'~ a n d  o f / 2  :=( /~  + i2  + I3) 2, c o r r e c t l y  s y m m e t r i z e d  w i t h  r e s p e c t  to  t he  e v e n  p e r m u t a t i o n s  
o f  t he  3 sp ins  

1i> I F  I I . >  C D 3 - s p i n - f u n c t i o n  

1 A 3 3 
2 A 3 2 
3 A 3 1 
4 A 3 0 
5 A 3 - -1  
6 A 3 - 2  
7 A 3 - 3  

8 A 1 1 
9 A 1 0 

10 A 1 - -1  

11 A 0 0 

ItTt> 
(I TTO> +l TOT> + IOtT>)/~ 
UI TT$> + [ T&T> +l$TT > + 2(IOOt> + lOt0> + I $ o o>)]/[/i5 
(I ot$> + I t+o> + I SOT> +lOSt> +1 $to> +1 tog> + 21 o oo>)/[/ld 

to  f u n c t i o n s  w i t h  1~ = + 1, 2, 3 a n a l o g  

[2(ITt$> +IT&T> +[$TT>)-IOOT>-IOTO>-ITOO>l/[/~ 
(I t&o> + I $0T> +lOT;> + I Sto> + I to~> + Io&T>- 31 oo 0>)/~i5 
analog to function with I .  = 1 

(ITZ0>-I$T0> +[&ot>-It0$> +ION,>-IOST>)/I~ 

12 E ~ 2 2 
13 E"  2 1 

14 E a 2 0 

15 E"  2 - 1  

f 16 E ~ 2 - 2  

17 E a 1 1 

18 E ~ 1 0 

19 E a 1 - -1  

20 E b 2 2 
21 E b 2 1 
22 E b 2 0 
23 E b 2 --  1 
24  E b 2 --  2 

25 E b 1 1 
26 E b 1 0 
27 E b 1 - -1  

(1 TTO> + e I TOT> + ~* I OTT>)/~ 
(I TT~> +~lT~t> +~* ISTT>-I~176176176 tT;~>>~ 1~_~ . 
(10T$>-lot$> +81t;o>-~lStO>+~*l;Ot>-~*l 31/2 

a n a l o g  to  f u n c t i o n s  w i t h  I .  = 1, 2 

( I T T $ > + e l T S T > + ~ * l ; T ~ > + 1 0 0 T > + ~ 1 0 t 0 > + e * l t 0 0 > ) / ] ~ 6 ~  6 + o ,  

(I 0 t l >  + 1 0 S t >  + e I t $ 0 >  + e I &t0> + ~* I $0T> + ~* I t 0 1 > ) "  1, /~_ 
v "  a n a l o g  to  f u n c t i o n  w i t h  I~ = 1 

a n a l o g  to  f u n c t i o n s  I Ea I I5} w i t h  e r e p l a c e d  b y  e* a n d  v ice  ve r sa ,  e = e x p ( i  2zc/3) 

T a b l e  2. E l e m e n t s  o f  t he  m a t r i x  M~ ~,,= ~ ,  Pu[ ( # [ ( e [  W~pln let ') 1#'> [ z w h e r e  I#> d e n o t e  t he  sp in  s t a t e s  o f  t he  n e u t r o n s ,  P~ = 1/2 fo r  u n p o l a r i z e d  
/t,#/ 

n e u t r o n s ,  ct = 1, . . . ,  27  e n u m e r a t e s  t he  sp in  s ta tes  o f  the  C D 3  g r o u p  

IF I I~> I~> 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 

A 3 3 1 9/2 3/2 0 0 0 0 0 0 0 0 0 3/2 0 0 0 0 0 0 0 3/2 0 0 0 0 0 0 0 
A 3 2 2 3/2 2 5/2 0 0 0 0 0 0 0 0 1/2 1 0 0 0 0 0 0 1/2 1 0 0 0 0 0 0 
A 3 1 3 0 5/2 1/2 3 0 0 0 0 0 0 0 1/10 4/5 3/5 0 0 0 0 0 1/10 4/5 3/5 0 0 0 0 0 
A 3 0 4 0 0 3 0 3 0 0 0 0 0 0 0 3/10 9/10 3/10 0 0 0 0 0 3/10 9/10 3/10 0 0 0 0 
A 3 --1 5 0 0 0 3 1/2 5/2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3/5 4/5 1/10 0 0 0 
A 3 --2 6 0 0 0 0 5/2 2 3/2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1/2 0 0 0 
A 3 --3 7 0 0 0 0 0 3/2 9/2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3/2 0 0 0 
A 1 1 8 0 0 0 0 0 0 0 1/2 1/2 0 0 9/10 9/20 3/20 0 0 5/4 5/4 0 9/10 9/20 3/20 0 0 5/4 5/4 0 
A 1 0 9 0 0 0 0 0 0 0 i/2 0 1/2 0 0 9/20 3/5 9/20 0 5/4 0 5/4 0 9/20 3/5 9/20 0 5/4 0 5/4 
A 1 --1 10 0 0 0 0 0 0 0 0 1/2 1/2 0 0 0 3/20 9/20 9/10 0 5/4 5/4 0 0 3/20 9/20 9/10 0 5/4 5/4 
A 0 0 11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
E" 2 2 12 3/2 1/2 1/10 0 0 0 0 9/10 0 0 0 2 1 0 0 0 
E" 2 1 13 0 1 4/5 3/10 0 0 0 9/20 9/20 0 0 1 1/2 3/2 0 0 
E ~ 2 0 14 0 0 3/5 9/10 3/5 0 0 3/20 3/5 3/20 0 0 3/2 0 3/2 0 
E" 2 --1 15 0 0 0 3/10 4/5 1 0 0 9/20 9/20 0 0 0 3/2 1/2 1 
E ~ 2 --2 16 0 0 0 0 1/10 1/2 3/2 0 0 9/10 0 0 0 0 1 2 
E" 1 1 17 0 0 0 0 0 0 0 5/4 5/4 0 3/2 0 0 0 0 0 
E" '1 0 18 0 0 0 0 0 0 0 5/4 0 5/4 3/2 0 0 0 0 0 
E" 1 --1 19 0 0 0 0 0 0 0 0 5/4 5/4 3/2 0 0 0 0 0 
E b 2 2 20 3/2 1/2 1/10 0 0 0 0 9/10 0 0 0 1/2 1/4 0 0 0 
E b 2 1 21 0 1 4/5 3/10 0 0 0 9/20 9/20 0 0 1/4 1/8 3/8 0 0 

3/2 3/2 3/2 0 0 0 0 0 3/2 3/2 3/2 
0 0 0 1/2 1/4 0 0 0 9/4 0 0 
0 0 0 1/4 1/8 3/8 0 0 9/8 9/8 0 
0 0 0 0 3/8 0 3/8 0 3/8 3/2 3/8 
0 0 0 0 0 3/8 1/8 1/4 0 9/8 9/8 
0 0 0 0 0 0 1/4 1/2 0 0 9/4 
1/2 1/2 0 9/4 9/8 3/8 0 0 1/8 1/8 0 
1/2 0 1/2 0 9/8 3/2 9/8 0 1/8 0 1/8 
0 1/2 1/2 0 0 3/8 9/8 9/4 0 1/8 1/8 
9/4 0 0 2 1 0 0 0 0 0 0 
9/8 9/8 0 1 l/2 3/2 0 0 0 0 0 

E b 2 0 22 0 0 3/5 9/10 3/5 0 0 3/20 3/5 3/20 0 0 3/8 0 3/8 0 3/8 3/2 3/8 0 3/2 0 3/2 0 0 0 0 
E b 2 - 1  23 0 0 0 3/10 4/5 1 0 0 9/20 9/20 0 0 0 3/8 1/8 1/4 0 9/8 9/8 0 0 3/2 1/2 1 0 0 0 
E b 2 - 2  24 0 0 0 0 1/10 1/2 3/2 0 0 9/10 0 0 0 0 1/4 1/2 0 0 9/4 0 0 0 1 2 0 0 0 
E b 1 1 25 0 0 0 0 0 0 0 5/4 5/4 0 3/2 9/4 9/8 3/8 0 0 1/8 1/8 0 0 0 0 0 0 1/2 1/2 0 
E b 1 0 26 0 0 0 0 0 0 0 5/4 0 5/4 3/2 0 9/8 3/2 9/8 0 1/8 0 1/8 0 0 0 0 0 1/2 0 1/2 
E b 1 --1 27 0 0 0 0 0 0 0 0 5/4 5/4 3/2 0 0 3/8 9/8 9/4 0 1/8 1/8 0 0 0 0 0 1/2 1/2 
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where 
1 

I , I z , #  
I , , I = ' , #  ' 

I(VI ( r , ; i , , i= , l  r,, i=.  9  Wspin I r;  x, I'> I#> (9) 

The squared matrix elements of W~pi, = ~  r Wspin a r e  
s 

shown after summation over the neutron spin states 
in Table 2, the corresponding table for CH3 groups 
can be found in [16]. Because the energy transfer 
for a certain transition does not depend on I or F 
but only on the symmetry of the initial and final state, 
we can sum over the quantum numbers I and U and 
end up with a 3 • 3 "spin matrix" Srr, determining 
the spin part of the transition intensities: 

A E a E b 

5 3 3 A 
(10) 

2 3 E a 
3 2 E b. 

Srr, (CDa) = 3 
3 

For comparison 

A E a E b 

1! 4 4 A 
Srr,(CH3) = ~  1 4 E a 

4 1 E b 

Note that ~, Srr,={ 3 for CH3~ 
r,r' 27 for CD3J" 

This ensures that 

d 2 G  
~ d--0~-  Of 2 d o9 - ~r = 3  9 4 rc a~. (12) 

The off-diagonal elements of Srr, are all equal (valid 
for CD3 and CI-I 3 groups). For high orientational bar- 
riers V3>15Bproton the spatial matrix elements 
squared are practically independent of F [24-1. There- 
fore in this case the neutron inelastic (AE transition) 
and quasielastic (E" E b transition) intensities for scat- 
tering between levels in the groundstate are nearly 
identical. This is valid for CD 3 and CH3 groups (see 
Fig. 1). 

(11) 

2.3. Transition probabilities for inelastic 
and quasielastic neutron scattering from pairs 
of coupled methyl groups 
We have to consider three different types of pairs: 

a) Fully protonated pairs: C H  3 - - C H 3 .  

b) Fully deuterated pairs: C D a -  CD3. 
c) Mixed pairs: C H  3 - -  CD a. 

Level Scheme 

Ee'b 

~e (CI) E~ 2.1 

A {2 A ?o 3J.0 o % 
CH 3 CD 3 

Spectrum 

E a E Q _ _ t  

AE - ~  o~ 

too 11 

o 18[I 
CH 3- CH 8 CD 3 - CD 3 

2 I 
bJ2~ I oJ o 

E a E ~ "p_~" 
EQ E b ~ a d 

(C) A E ~ •. , 

A A I ~ 2'11 to 0 
3 L CH 3_ CD 3 CH 3 CD 3 

Fig. l a - e .  Level schemes and energy spectra of single CH3 or CD 3 
groups (a) and of equal (b) and mixed pairs (e) of methyl groups. 
The intensities reflect only spin space matrix elements. The "elastic" 
intensity shown in the spectra does not include transitions with 
no spin symmetry change 

We can use the Hamiltonian (1) to calculate the eigen- 
frequencies of these pairs 9 Examples are given in 
Figs. 2 and 3 were the transition frequencies which 
can be excited by INS are plotted as a function of 
V 3 for a fixed parameter W3 = -6 .58 Bproton. As ex- 
pected the highest frequencies belong to the CH 3 
- C H  3 pairs, the lowest to the C D 3 -  CD 3 pairs. Due 
to the non frustated coupling the mixed pair frequen- 
cies lie in between. Using the Hamiltonian (1) we as- 
sume that the coupling involves only spatial coordi- 
nates, the spin states of both groups remaining uncor- 
related. This ensures that the spin dependent neutron 
scattering takes place at one of the two groups, the 
other averages out in its spin state. Therefore the in- 
tensity ratio between the different tunneling transi- 
tions is determined by the probability that the neigh- 
bouring methyl group is in the spin state F. 

This probability i s  obtained by counting the 
number of A, E a and E b spin functions (for CD a 
groups see Table 1), and by assuming infinitely high 
spin temperatures: 



a:Eb ~(11:8:8 for CD 3 (13) A:E 
= [  4:2:2 for C H  3. 

Assuming again no differences in spatial space for 
all symmetry changing groundstate transitions, we get 
the following intensity ratios for the neutron energy 
loss side (for notat ion of indices see Fig. 1): 

Io:Ii:I2:I3:Iqu = 
1 1 : 8 ~ :  d p a p 8eo:8eogz:lleo 

ll:8eo:8eo:8eoe2:lleo 

4:2eo:2eo:2eoe2: 4eo 

4:2e~: P" p d. 4g~ 2go.2eoe2. 

for a CH3 group with' 
a CD 3 neighbour 
for a C D  3 group with 
a C D  3 neighbour 
for a CH3 group with 
a CH 3 neighbour 
for a CD 3 group with 
a CH 3 neighbour 

 9 (14) 

Here Iqu  stands for the "quasielastic" intensity and 
e~ is a Boltzmann factor: 

ei = exp ( -  h cojkB T). 

We would like to mention that the intensity ratios 
(14) are now correct and erroneous results have been 
published earlier [3, 18, 19]. 

For  the case of a mixed pair we get two scattering 
contributions, one from the deuterated, one from the 
protonated group of the pair. Assuming again high 
barriers, neglecting Boltzmann factors and normaliz- 
ing the intensities such that scattering at the CD 3 
groups yields Io:11:I2:I3:Iq~=4:2:2:2:4, then 
the intensities for scattering at the CH3 group are 

__32 H D 2 ~  ~-h:h:h:h:~h, were h-2v (G/as )  - 5 7 .  From this 
we see that the scattering at the CD 3 groups would 
hardly be detectable. 

3. Experiments and results 

Polycrystalline isotopic mixtures Li 7 (CH3) c ( C D 3 )  1 _ c" 
2 D 2 0  with c=0.0,  0.05, 0.1, 0.2, 0.66, 0.8, 0.9 and 
1.0 were prepared by solving weighted amounts of 
pure LIAC compounds in D 2 0  and by slow drying 
of the solutions in N2 atmosphere at < 10 ~ The 
samples were mounted in aluminium containers with 
the shape of hollow cylinders (height and outer diame- 
ter 30 mm, inner diameter variing between 0 and 
29 mm depending on the degree of deuteration of the 
sample) in a temperature variable helium cryostat. 
The samples were cooled down from room tempera- 
ture to 4 K within about one hour  and kept at this 
temperature during the measurement period. The 
temperature stability was better than 0.02 K. 

The inelastic neutron scattering experiments were 
carried out with the backscattering spectrometers 

~/B t, 

0.10 [ k x~xxxx I \\xCOo \ \ 
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I i i i 
W3 =- 6.58 B Proton 

- - CD3 - CD 3 
- ~ - -  CH3 - CD 3 

x 

o 

n , ~ T ,  . . . . . . .  . . . . . . . . . . .  
v 2 3 4 5 V3/B 6 

Fig. 2. Tunneling frequencies of the molecular groundstate of CD 3 
-CD a pairs (continuous lines) and CH3--CD3 pairs (dashed lines) 
as a function of Va with a fixed parameter W3 = -6.58 Bpro,o,. The 
scattering centers are the deuterated groups 

~/B W 3 = - 6 . 58  B Proton 

I \ ~ --CH3-CH3 
0.4~,,~o ~ ~  ~ - - -  CH3 - CD3  

0 . 2 ~  

~3 

o 2 3 4 5 V3/B 6 
Fig. 3. Tunneling frequencies of the molecular groundstate of CH3 
-CH3 pairs (continuous lines) and CH 3 --CD 3 pairs (dashed lines) 
as a function of V3 with a fixed parameter W 3 = -6.58 Bproton. The 
scattering centers are the protonated groups 

IN10 and IN13 at the H F R  of the ILL in Grenoble 
[20]. Energy resolutions from 0.15 to 12geV 
(HWHM) were used depending on the shape of the 
scattering laws. The IN10 (IN13) experiments were 
performed at an average momentum transfer of 
1.7(4) A -1. 

Spectra of LIAC with fully protonated and fully 
deuterated methyl groups are compared in Fig. 4. A 
strong isotope effect is observed: the double peak 
structure in the spectrum of the protonated com- 
pound shifts from 270 geV to 12.5 geV in the deuter- 
ated compound. As mentioned in the introduction 
simple scaling with the different rotational constants 
would predict a tunnel frequency around 25 peV for 
the deuterated LIAC compound. The inelastic inten- 
sity at 12.5 geV has a double peak structure with a 
splitting of about 1 geV. The continuous lines in Figs. 
4a and 4b are the result of a model calculation which 
will be discussed in Sect. 4. Additional measurements 
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.=_ 

10 

1.0 
e -  ~ 0.8 

.~ 0.6 
r  

 9 -~ 0.4 

-10 -5 0 5 10 
Energy transfer (peV) 

i i i i 

- 300 -200 -100 
Energy transfer (peV) 

Fig. 4a and b. Tunneling spectra of (a) CD 3 groups in LIAC (m 
(CD3 COOLiT-2D20) measured on IN10 and (b) CH3 groups in 
LIAC (n) (CH 3 COOLi 7. 2 D20) measured on IN 13. The calculated 
lines, weighted with appropriate temperature factors are inserted 

with the deuterated sample with an increased energy 
range up to 400 geV and with an energy resolution 
of 10 geV did not reveal any other observable peaks. 

Figure 5 shows IN 13 spectra of mixed LIAC sam- 
ples with different concentrations c of protonated 
methyl groups. The following trends are observed: 

1. At small concentrations c a rather narrow peak 
occurs at 130 geV with a weak shoulder at 180 geV. 

2. Both features shift to higher energy transfers with 
increasing concentration c and the shoulder grows 
in intensity. The dominant component  broadens. 

3. The shoulder becomes the dominant  feature for 
CH3 concentrations above 66%. 
4. All spectra have intensity at smaller energy 
transfers (hco<100 geV). This is mainly due to the 
tail of the resolution function. 

All these observations on the mixed compounds can 
be explained qualitatively by the following picture: 

In the case of small CH3 concentrations c we have 
mainly CD 3 - C D  3 pairs (" pure pairs", concentration 
(1--c)2), only a few C H 3 - C H 3  pairs ("pure pairs", 
concentration c 2) and a substantial number of CDa 
- C H 3  pairs (" mixed pairs", concentration 2 c (1 -c)) .  

We know that the tunnel frequency of the fully 
deuterated LIAC compounds occurs at 12.5 geV. 
Therefore the spectra of the mixed compounds must 
be due to excitations of the pure C H 3 - - C H  3 pairs 
and mixed CD 3 - -CH 3 pairs. 

At small concentrations c we see mainly the scat- 
tering from the mixed pairs. So we associate the domi- 
nant feature to the mixed pairs and the shoulder to 

1.8 
e -  

1.4 

'~ 1.0 

.~_ 
0.( 

~ 1.6 
e.- 

1.2 

o.a 

0 , '  

1.4 
e -  

l . 0  & 

o.a 

0.2 

 9 = . 

I I I I 
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the pure, protonated pairs. The fact that the excita- 
tions occur at much smaller frequencies than those 
in the fully protonated compound is explained by a 
stronger hindering potential V3 in the deuterated 
compound. These very qualitative statements will be 
quantified by a model calculation presented in the 
next section. 

4. Discussion 

4.1. LIAC with only CH 3 groups (LIAC (m) 

The spectrum of LIAC (m (see Fig. 4) is in good agree- 
ment with results from preceeding publications [3, 5]. 
We will use this spectrum and the one of LIAC w) 
as reference spectra for the mixed compounds. The 
continuous line in Fig. 4 is the result of a fit with 
three convolution broadened Gaussians. The relevant 
fit parameters are given in Table 3. 

The parameter pair (1/3, W3) in model (1) which 
gives frequencies as close as possible to the experi- 
mental values is: 

V 3 = 3.04 Bproton 

W3 = - 6.2 Bproton 

These values are slightly different from those original- 
ly proposed by Clough et al. [3], which were also 
used in later publications [5, 7] and which produce 
frequencies given in Table 3 in brackets. The spin tem- 
perature T~ extracted from the intensity ratio 
Io:I1:I2=2:~o:eo yielded a value T ~ = 5 . 4 K + 0 . 2 K  
for our results compared to the sample temperature 
of 4.0 K. According to results of McDonald  [21] the 
spin conversion time z~ of LIAC ~m should be of the 
order of one hour at 4.2 K. As the typical measure- 
ment time for one spectrum was 24 h in our case 
we would have expected a fully converted sample, 
i.e. T~ = Tsample .  

4.2. LIAC with CD 3 groups only (LIAC w)) 

The spectrum of LIAC w) has a double peak excitation 
at 12.5 ~teV compared to an excitation around 25 l.teV 
calculated from Hamiltonian (1) with the same pair 
(1/3, 1413) as used to describe the results from LIAC ~m 
but with the appropriate rotational constant. Ob- 
viously the potential barrier hindering rotation must 
be higher in LIAC w) than in LIAC (m. Therefore we 
tried to find a parameter pair (V3, 1413) which produces 
frequencies as close as possible to the observed ones. 
Experimentally we have essentially two observed pa- 
rameters, the center of gravity of the excitation and 
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Table 3. Measured and calculated characteristics of the tunneling 
spectrum of LIAC ~m. The observed intensities correspond to a spin 
temperature T~ = 5.4 K 

Peak N ~ Measured Calculated Intensity H W H M  
Frequency Frequency (geV) 
(~eV) (~eV) 

0 283 + 2 282 (279) 2.0 21 + 2 
1 250 ___ 2 246 (242) 0.54 ___ 0.01 21 + 2 
2 214+2  212 (204) 0 .54___0.01 15__+2 

Table 4, Tunneling frequencies of pairs of CDa in IxeV for various 
parameter pairs (V3, W3) in units of Bp,oton 

V3• --6.6 - 6 . 2  --6.0 

4.0 

4.4 

4.8 

14.1 15.6 16.4 
15.1 16.6 17.4 
16.4 17,9 18.7 

12.2 13,4 14.1 
12.8 14.0 14.7 
13.6 14,9 15.5 

10.4 11.5 12.0 
10.8 11.9 12.4 
11.4 12,5 13.05 

its overall width. The second parameter is rather sen- 
sitive to 1413: A small value of W3 gives also a small 
overall width. Table 4 shows calculated tunnel fre- 
quencies for given (V3, 1413) pairs selected such that 
the average frequency is not far from the observed 
value. 

Using the parameter pair (4.47 Bproton , - - 6 . 6  Bproton ) 
we calculated the frequency spectrum with the follow- 
ing assumptions: 

1. No intrinsic width of the individual peaks. 
2. Intensity ratio lo:11:12=11:8:8. No Boltzmann 
factors were included because h o9~/kB T ~ 1. 

The continuous line in Fig. 4 (upper part) repre- 
sents the result of this procedure. The agreement be- 
tween theory and experiment is quite good. A param- 
eter pair (4.8 Bproton, -- 6.0 Bproton ) gives an inelastic 
structure which is too narrow. From that we conclude 
that a model in which the interaction potential 14/3 
is similar for the deuterated and protonated com- 
pound but in which the single particle potential is 
strongly enhanced in the deuterated compound gives 
a good description of the isotope effect. In order to 
corroborate this conclusion we tried to describe the 
spectra of the mixed samples on the basis of the same 
hypothesis. 
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4.3. LIAC with CD 3 and C H  3 groups 

The following model assumptions were made: 

1. The samples are homogeneous mixtures. 

2. No preferential pairing between the two species 
CD3 and CH 3 should exist. Therefore the concentra- 
tions of the 3 different kinds of pairs are as given 
in Sect. 3. 

3. The spectra are produced by an additive superposi- 
tion of two contributions: 

a) Scattering from the pure CH 3 - C H  3 pairs. 
b) Scattering from the mixed C H 3 -  CD3 pairs. 

4. Scattering contributions from the CD 3 groups are 
neglected because of the 46 times smaller spin depen- 
dent scattering cross section of the D nucleus com- 
pared to the proton. 

5. The relative ratio between scattering from the pure 
and mixed pairs is calculated from the concentration 
c on the assumption that a pure pair scatters twice 
as much as a mixed one. 
6. The ratio of the peak intensities for the different 
kinds of pairs is given by (14). The spin temperature 
was assumed to be 5.4 K for all spectra. That implies 
that all samples have the same spin conversion time 
and that they have been cooled down in the same 
manner. 
7. The tunnel frequencies are calculated for pure and 
mixed pairs for model Hamiltonian (1) with the fol- 
lowing hindering potential: 
a) Concentration dependent single particle potential 

v3 = 1/3 ~ .  c + v 3 ~ ) ( 1 -  c) 

with V3 tm= 3.04 Bproton 

~o) = 4.4 Bproton 

b) Concentration dependent interaction potential 

w 3  = w r   9 c + w $ ~ ' ) ( 1  - c)  

with W3 ~m = - 6.2 Bproton 

W~ D) = - 6.6 Bproton 

8. The line shape for the six inelastic peaks is chosen 
to be Gaussian, convoluted with the measured resolu- 
tion function. The line widths were chosen to be 3 geV 
for the low concentration spectra (c=0.05, 0.1 and 
0.2) and 20 ~teV for the others. 

9. The long tail of the elastic peak is simulated by 
a Lorentzian centered at h co = 0. 

The continuous lines in Fig. 5 are the result of 
these model calculations. The only adjustable param- 
eters are an energy transfer independent background, 
a weight of the elastic peak and an overall intensity 
scaling factor. Apparently the model describes quite 
well the trend in the concentration dependence and 
the positions of the peaks. The line shapes are not 
so well reproduced however, a fact which is not sur- 
prising in view of the very simplifying assumptions 
which have been made. For example, the influence 
of concentration fluctuations has been completely ig- 
nored. They would give rise to line broadening effects. 
Furthermore we used intensity ratios calculated on 
the basis of high barrier to rotation which is not the 
case in LIAC. 

We would like to mention that results on LIAC ~m 
under pressure [4] are consistent with a more or less 
pressure independent interaction potential W3 and a 
pressure dependent single particle potential which is 
enhanced to 4.4 3proton for an externally applied pres- 
sure of about 4 kbar. This is another example of the 
analogy between the isotope effect and the pressure 
dependence of tunneling for the study of intermolecu- 
lar potentials [14]. 

4.4. Phonon mediated coupling 
of different methyl pairs 

We have seen that the single particle potential is 
strongly increased in LIAC w) compared to LIAC (m. 
In this section we would like to show that coupling 
of the rotors to lattice displacements could be respon- 
sible for this effect. In order to elucidate the essential 
argument for phonon mediated coupling, we consider 
two single and equivalent methyl groups rather than 
two pairs of methyl groups for the sake of simplicity. 
Both methyl groups should be coupled to lattice vi- 
brations. The corresponding model Hamiltonian is 
given by [22, 23] : 

H = H a + H 2 + Hphonon + Hrotor p h . . . .  

with 
2 ~ , f P u  _ink 2 2) 

Hph . . . .  = 2..a ~2~m~. -['- 2 -  ('Dk Xk?  
k ~. mk ) 

(15) 

(16) 

/  otor.. .... = S V - - U  

+~22 (cos 3 ~bl + cos 3 ~b2)} (17) 

H 1 and H z are defined by (2). 



The rotor  phonon coupling proportional  to g~ is 
called the 'shaking'  term, the one proportional  to g~ 
the 'breathing'  term. The denominator  ]//2 occurs be- 
cause two methyl groups are involved here. 

Treating Hamiltonian (15) in Hartree approxima- 
tion for the librational groundstate we find for the 
mean displacement of the k th normal mode: 

g~ 
( x k ) = - - ~ f  ] / -  , 

h O k [/ rrt k O k 

2 
(0,r,I cos 3 4,10,r,) =0  (18) 

i = 1  

[niFi) are eigenstates of the effective Hamiltonian H eft 
in Hartree approximation (n = 0 means the librational 
ground state): 

H eft ~ 2   9 = - - B  i ~ i  + v  3cos3~b i 

(g~)2 cos 3 r  cg 2 ~ sin 3 ~b i _c~ h ~  k nOk 

+1 c~ 2 (g~)2 (19) 7( ) Y. hok 
k 

The matrix elements (0 F lcos 3 r F )  are plotted in 
Fig. 6 as a function of V3/B. The corresponding matrix 
elements (OF[ sin 3 ~b ]OF) are zero. 

For  small V3/B values we have a pronounced vari- 
ation of (OF[ cos 3 r [OF) with V3/B and with F. In 
that case deuteration of the second rotator  increases 

0.6 

0.4 

0.2 

0 
0 

/ 

i "  

4 

i// i 

/ / / / / 
/ / / / 

; 17 v /B 
Fig.  6. E x p e c t a t i o n  va lue  ( O F [  cos  3 ~ ] 0 F )  o f  the  o p e r a t o r  cos  3 q5 
in the l i b r a t i o n a l  g r o u n d  s ta te  (Coo ,= - -  ( 0  F I cos  3 r 10 F) ) .  The  sec- 
o n d  arrow indicates the v~ff/Bpro,on value that corresponds to a 
tunneling frequency of 270 geV, the third arrow indicates the self- 
consistently obtained v~ee/Bdout .... value when the surrounding is 
completely deuterated as described in the text. The first arrow shows 
the low temperature value for  v~ff/Bproton 
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the effective single particle potential of the first rotator  
(cf. (18, 19)). A similar effect is produced if an A type 
neighbour is replaced by an E a or E ~ type neighbour. 
At higher barriers (V3/B>15) these effects become 
negligible. 

In the real system of course we have to consider 
a large number of rotators which are statistically dis- 
tributed with respect to their isotope and symmetry 
type. As long as the translational symmetry is not 
broken too seriously we expect that the effective single 
particle potential depends only on the averaged con- 
centration of the surrounding species. For  large 
numbers N of rotators we may neglect the selfconsis- 
tent adjustment of 

N 

~ =  ~ (0i/~/I cos 3 q~i 10i/~/) 
i = 1  

(then the last summand in (19) becomes an unimpor- 
tant additive constant) due to a symmetry change of 
a certain rotator  (at which the neutron is scattered). 
Then cg only depends on the concentration of A sym- 
metric species and on the concentration of deuterated 
methyl groups. 

In consequence we expect i) a decreasing tunneling 
frequency with increasing CD 3 concentration, i/) a 
more pronounced isotope shift than the usual one 
and iii) a tunneling frequency that depends on the 
averaged symmetry type of the surrounding. All 3 
effects are observed in LIAC ([5], and present paper). 

If we try to represent each rotator  pair in LIAC 
by one methyl group in an orientational potential 
V3 eff= 5.67 Bproton (corresponding to 270 peV tunnel- 
ing splitting) then the thermal averaged 
(0FI  cos 3 c~ IOF) = ~ / N  would be 0.525 (Fig. 6). If we 
furthermore assume for the 3-fold potential V3 in (15) 
to be zero (which would mean, that the effective single 
particle potential should be attributed solely to the 
described displacement of breathing-type phonon 
modes, i.e. the rotators are "digging" their own 3-fold 
orientational potential hole within their distortable 
surrounding - this assertion corresponds to the ob- 
served 6 fold crystallographic symmetry along the 
methyl axis in MAC [8]), then 

v3~fe = - 2  (0FI  cos 3 r IOF) 

hok] Wh~ (20) 

i.e. v~froc(0F[ cos 3 r ]OF) where for equal popula- 
tion of the librational ground states the slope is deter- 
mined by the average value of the matrix elements 
(0A[ cos 3 r [0A) and (0El  cos 3 4)[0E) (dashed line 
in Fig. 6). Now deuteration implies a scaling of all 
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energy quantities by a factor 2, therefore we get half 
a slope for the V3 ~ff oc (0 F I cos 3 ~b I 0 F )  proportionali- 
ty in Fig. 6 (possible modifications of the phonon 
spectrum ignored!). The selfconsistent value of V3 eff 

(deuterated surrounding) is now 7.85 Bproton, corre- 
sponding to a tunneling frequency of 170 ~teV i.e., the 
shift is comparable to the observed one. As the slope 
of (0Flcos  3qSl0F) does not vary much between 
V 3 = 5.67 Bproton and V3 = 7.85 Bproton we  can justify the 
linear interplation of V3 with concentration of deuter- 
ated methyl groups in Sect. 4.3. On the other hand: 
A reduction of the spin temperature (only A-symmet- 
ric methyl groups in the crystal) means that 
(0Ylcos 3qSl0F)=(0Alcos  3~bl0A) and the self- 
consistence requirement yields a new V3 ~ff of almost 
4.53 Bproton , corresponding to 344 ~teV tunneling fre- 
quency. Also this shift in tunneling frequency has the 
correct order of magnitude [5]. 

This coarse estimation merely should make clear, 
how variing degrees of lattice distortions due to vari- 
ing orientational localisation of the rotators could 
react back upon the rotators. Not too high orienta- 
tional potentials (in case of methyl groups corre- 
sponding to tunneling frequencies larger than 50 ~teV) 
and sufficiently strong breathing type-coupling to the 
phonon bath may result in an uncommon isotopic 
shift and in an increasing tunneling frequency at (spin-) 
temperatures below the tunneling frequency. 

5. Conclusions 

The isotope effect of tunneling motions of coupled 
groups of methyl groups has been studied theoretical- 
ly and experimentally by high resolution inelastic neu- 
tron scattering. The observed isotope effect is by a 
factor two stronger than expected on the basis of a 
simple scaling of the hindering potential by the rota- 
tional constants. This excess isotope effect can be ex- 
plained by the assumption of a strongly increased 
single particle potential in LIAC w) compared to 
LIAC ~n) and an interaction potential which is nearly 
independent of the isotopic species. On the basis of 
this hypothesis it is also possible to explain qualita- 
tively the concentration dependence of spectra of the 
LIAC samples consisting of isotopic mixtures. The 
strong increase of the single particle potential by deu- 
teration was tentatively explained by phonon mediat- 
ed coupling, which predicts that such unusual isotope 
effects should only occur in systems with CH 3 tunnel- 
ing frequencies well above 50 laeV and sufficiently 
strong breathing type coupling to the phonons. 

The authors are grateful to R. Scherm and A. Hfiller for many stim- 
ulating discussions. They thank J.F. Barthelemy and P. Joubert- 
Bousson for their help in preparing the experiments. 
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