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We present here the first results derived from a molecular dynamics simulation of an 
ODIC phase. The model is a two-dimensional schematization of the sodium cyanide 
crystal NaCN. Our results are related to the structural aspect of the orientational dis- 
order and the individual rotational dynamics of the molecules. This dynamics involve 
both large amplitude reorientations and librational excitations. From the computed ro- 
tational correlation functions we can deduce a value of about I pcs for the relaxation 
time of the reorientational motions. The librational modes are shown to give rise to a 
very broad spectrum, its linewidth being essentially due to inhomogeneous broadening 
effects. 

I INTRODUCTION 

The initials ODIC (Orientation Disorder In Crystals) form a now 
widely used abbreviation to name the high temperature plastic phase of 
some molecular crystals. ODIC phases appear as an interesting inter- 
mediate case between liquid and solid state. Indeed, in those phases, 
the average centers of mass positions still form a regular lattice, while 
molecular orientations display some degree of disorder. In the recent 
past years, a large amount of experimental work (see for instance Refs. 
1 and 2), including various techniques such as X-ray and neutron scat- 
tering, N.M.R., infrared and Raman spectroscopy, picosecond meth- 
ods, etc. . . . , has been devoted to ODIC crystals. These studies show 
that the structural disorder is generally related to a complex rotational 

tL .A.  NO71 (C.N.R.S.). 
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360 M. YVINEC 

dynamics of the molecules which involves large amplitude reorienta- 
tions as well as librational excitations around some preferred orienta- 
tions. Furthermore, the steric hindrance in the crystal implies generally 
that each instantaneous configuration of the molecular orientations is 
related to a special pattern of local distortions in the center of mass lat- 
tice apart from the high symmetry average structure. Large amplitude 
reorientations occur only by means of fluctuations of these local dis- 
tortions and appear thus to be strongly coupled to the low frequency 
translational lattice phonons. From a theoretical point of view, the 
usual solid state methods fail to describe the dynamics of ODIC phases 
since the large amplitude rotational motions do not allow for an har- 
monic approximation or a perturbation expansion of higher order 
terms. In this field, the work of K. H. Michel et al.4-6 is an interesting 
attempt to overcome this difficultyt. Nevertheless, it is still appealing 
to apply to those disordered phases methods which are borrowed from 
the liquid state physics. In particular, we felt that computer simula- 
tions using molecular dynamics techniques should provide a more 
clear insight of the complex dynamics in ODIC phases. 

To build up a model of ODIC phase, suitable for a molecular dy- 
namics simulation we get ideas from previous works on the high 
temperature phase of sodium cyanide (NaCN, see Refs. 6-13). This 
crystal is an inviting example of ODIC crystal since it displays most of 
the complex features of plastic phases within the simple geometrical 
framework of a linear dumbbell molecule embedded in a cubic site. In- 
deed, the high temperature phase (phase I) of sodium cyanide has the 
fcc rocksalt structure (space group Oi, Z = 1). The overall cubic sym- 
metry results from the disorder in the orientation of the CN- dumb- 
bells which align preferrentially along the [ 1, 0, 01 directions.'* 

Ultrasonic," Brillouin" and neutron scattering data,12 provide 
anomalous dispersion curves for the TA branches showing a strong 
coupling between the CN- reorientations and the low frequency acous- 
tic modes. Furthermore, the shear elastic constant, CM, shows a critical 
softening when the crystal is cooled near the temperature of the transi- 
tion toward the ordered phase 11. The neutron experiments provide no 
clear evidence for the existence of librational modes,I2 but these modes 
appear as a broad band (from 50 cm-' up to 250 cm-') in the low fre- 
quency Ft, Raman ~pectra. '~ 

t In this work, the crystal Hamiltonian is expanded in terms of small translational dis- 
placements of the centers of mass and on a set of symmetry adapted functions of the an- 
gular coordinates. The formalism of the Mori projection method is then used to derive 
coupled dynamics equations for the relevant secular variables of the problem. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
47

 2
1 

Fe
br

ua
ry

 2
01

3 



DYNAMICS SIMULATION OF AN ODIC PHASE 361 

A molecular dynamics simulation of the phase I of NaCN has re- 
cently been performed by M. L. Klein and I. R. McD0na1d.I~ These au- 
thors built up a small sample of 32 formular units, and obtained 
computed neutron cross sections which show the critical softening of 
transverse acoustic phonons near the 1-11 phase transition. We, here, 
are merely interested in the fundamental mechanisms of the librational 
and reorientational dynamics of such a plastic phase and we decided to 
build up a two dimensional model which is to be regarded only as an 
idealization of the NaCN case. A two dimensional model makes the 
computational work faster since each CN- has only one rotational de- 
gree of freedom, this allows to simulate a larger system which should 
provide a more clear insight of the collective dynamical behavior of the 
CN- dumbbells. Indeed, in the nearest future we are interested in the 
study of the reorientation translation coupling and in the presence of a 
collective reorientational dynamics; however, for the moment, we 
present here the first results derived from this molecular dynamics 
simulation which only concern the structural aspect of the orienta- 
tional disorder and the individual rotational dynamics of the molecules 
in the crystal. These results seem nevertheless interesting as they clearly 
confirm some general ideas which have been suggested in the analysis 
of experimental data.13 

The next part (part 11) is devoted to describe the general features of 
the simulated system, the interaction model and a few technical aspects 
of the computer simulation. In part 111, we present the first results de- 
rived from this simulation. Some structural aspects of the orientational 
disorder are first described, then we show the general behavior of the 
individual rotational dynamics which include librations and reorienta- 
tions. More quantitative data, such as the inhomogeneous dispersion 
of librational frequencies and the relaxation time of orientational po- 
tential wells are then derived from the analysis of the computed rota- 
tional self-correlation functions. 

II THE MODEL 

As mentioned in the introduction, we present here the computer simu- 
lation of a fictuous two dimensional molecular crystal which only has 
some common features with the three dimensional NaCN crystal, such 
that it can be regarded as a schematization of this real crystal. 

The simulated system can be described as a two dimensional ionic 
compound At XY-. The negative ions XY- are rigid symmetric dumb- 
bells of length dwhich are bound to lie in the two dimensional plane of 
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362 M. YVINEC 

the system. Thus the model implies only five degrees of freedom per 
formular unit (A’ XY-), which are described by 

0 the two translational coordinates of the A’ ions 
0 the two translational coordinates of the center of mass of the XY- 

0 one angular coordinate describing the orientation of the dumbbell 

The evolution of this system is assumed to be driven by a simple set 
of pair interactions which, besides Coulomb forces, includes a repul- 
sive interaction between each end of the XY- dumbbells and the sur- 
rounding At ions. In this model the XY- dumbbell is assumed to have a 
head-to-tail symmetry: the repulsive interaction potential between A’ 
ions and each end of the dumbbell is given the exponential forms Ae-r’‘O 
with only two parameters A and ro, and, for the Coulomb interactions, 
the dumbbell XY- is considered as a simple monopole with an electric 
charge -1 q1 located at the center of mass, the At ions having the charge 
+I 4). The higher moments (essentially quadrupolar) of the charge dis- 
tributions are simply neglected so that the electrostatic part of the po- 
tential is independent of the dumbbells orientation. At last, it is to be 
noted that, for the moment, this model includes no direct coupling be- 
tween the orientations of neighboring XY- ions. 

The numerical values assumed for the various parameters of this 
model are listed in Table I. These are only reasonable values which do 
not correspond to any real physical system. For instance, we choose 
for the electrostatic constant q2/4neo the value corresponding to an 

dumbbell 

XY-. 

TABLE I 

Numerical values of the different parameters used as input data 
in the computer simulation. 

Coulomb interaction 

Repulsive interaction 

Length of the dumbbell 
Kinetic parameters: 

hc-”’o 

-masses 

qA+ = = 1.6 c 
-- q2 - 14.42 eV A-’ 
4zo 
h = 459.5 eV 
ro = 0.358 A 
d = 0.6 A 

MA+ = Mxr- = 25 u.m.a. 
d1 I = 2 M x r -  
4 

-inertial moment of the dumbbell 
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DYNAMICS SIMULATION OF AN ODIC PHASE 363 

electronic charge, the parameters A and ro were given the values quoted 
by Born and Huang" for NaCI. In addition we choose the length d of 
the dumbbell to get both a reasonable lattice parameter and a reorien- 
tational potential barrier of about 1000 K if a square lattice configura- 
tion is assumed for the center of mass (cf. below). At last, we choose 
the kinetic parameters: the mass of A' and XY- were chosen to equal 
and the inertial moment was also chosen independently so that the bot- 
tom well librational frequency falls in the frequency range of the zone 
boundary acoustic phonons. 

The above described forces lead to a low temperature structure 
which we had to discover. A possible technique to look for this struc- 
ture would be the use of the Rahman-Christiansen-Parinello methodI6 
which allows through a molecular dynamics calculation to alter both 
the shape and the volume of the periodically repeated original sample 
and to find the stable configuration of this system. Not knowing the 
possibility of this method at the beginning of our work, we instead 
used a classical trial and error method which leads to a rather satisfac- 
tory result. 

In a first step we assume a square lattice configuration for the cen- 
ters of mass (Figure la), with all the dumbbells aligned along the [ 1,0] 
direction and look for an energy minimum with respect to the lattice 
parameter a0 which is found equal to 3.88 A. (Note that in the square 
lattice configuration the dumbbells have two equivalent preferred orien- 
tations [ 1, 01 and [0, 11 and that, in the absence of direct coupling be- 

la\ 

0 A+ ions 

I XY' dumbells 

FIGURE 1 Two possible structures candidates for the stable low temperature ordered 
configuration of the simulated A+ XY- system. (a) the square lattice configuration of the 
centers of mass. In this configuration, the XY- dumbbells have two equivalent preferred 
orientations [ 1.01 and [O, 11 which are drawn in respectively broken and full lines. (b) the 
ferroelastic distorted structure. 
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364 M. YVINEC 

tween the dumbbells orientations, a disordered structure where the 
dumbbells point at random in either of those two directions leads to 
the same energy). We then tested the dynamical stability of the ob- 
tained configuration by computing the corresponding harmonic 
phonons dispersion curves. As could be expected, this structure was 
found to be Jahn Teller unstable, and this calculation revealed an imag- 
inary transverse acoustic phonon branch (cf. Figure 2). This indicates a 
tendency for a shear ferroelastic deformation which elongates one di- 
agonal ([l, 13 for example) at the expense of the other one ([l, 71). We 
thus looked for an energy minimum for a rectangular centered 2d lat- 
tice, minimizing for both the lattice parameters U I  of the corresponding 
Bravais lattice and the angle a between its two basis vectors, the 
dumbbells being aligned along the long diagonal of the primitive cell. 
This led to a value a1 - uo and to a = 82, a structure that we found to 
be stable against the harmonic vibrations, the dispersion curves show- 
ing no sign of anomalous softening of any phonon branch (cf. Figures 
1 b and 2b). 

This method has presumably not given the real ground state of the 
system and it is quite possible that the actual low temperature structure 
is a more complex one with many formular unit A' XY- per unit cell as 
it is the case for most of the real 3d plastic crystals. Nevertheless, the 
study of the presently known cases shows that in these complex struc- 
tures, the local environment of each molecule and its relative orienta- 
tions with respect to this environment differ only slightly from one 
molecule to the other?. We can thus safely state that we have at least 
obtained the local features of the ground state structure, a statement 
which will be confirmed in section 111 by the study of the local struc- 
ture of the simulated plastic phase (cf. Figure 3). 

Let us now make precise some technical aspects of the computer 
simulation. The infinite crystal was simulated through the periodic 
repetition of an original square sample of 10 X 10 unit cells. As initial 
conditions we chose the configuration of the square centers of mass lat- 
tice with the XY- dumbbell aligned at random along either one of the 
two preferred orientations [ l ,  01 and [0, 13. Each degree of freedom 
was assigned a random initial velocity according to a Maxwellian dis- 
tribution corresponding to the chosen temperature TO. The time evolu- 
tion of the system was then computed through the usual algorithm of 
Verlet" with a time step of s, chosen to be approximately one 

t The best-known exception to this rule is the case of phase I1 of CH4." This exception 
can be easily explained by the weakness of the octupole-octupole interaction which fa- 
vors the James and Keenan phase. 
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DYNAMICS SIMULATION OF AN ODIC PHASE 365 

tenth of the shortest characteristic evolution time of the system (the 
highest optical frequency was estimated from the dispersion curve in 
Figure 2 to be slightly under 300 cm-I). At each step, the contribution 
to the long range Coulomb interaction arising from the periodically 
repeated images of the original sample were summed up via the Ewald 
methodI9 adapted to a two dimensional problem. At last, we computed 

(i,i) ( to) 
FIGURE 2 Phonon dispersion curves. (a) for a square ordered structure with the 
dumbbell XY- aligned along the x axis. The unstable imaginary acoustic branches are 
represented through the dispersion c u r v e s - m  and appear thus in the negative fre- 
quency range. (b) for an ordered ferro-elastic distorted structure, the numbers along the 
curves refer to the percentage of librational character of the mode. 
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366 M. YVINEC 

at each step the total energy of the system to check the accuracy of the 
integration method. The total energy of the system showed no shift 
over the full integration time and its fluctuations remained less than 
5% of the kinetic energy fluctuations. 

111 RESULTS 

A first attempt showed us that at the kinetic temperature 200 K the sys- 
tem relaxed towards an ordered structure of “herring bone” type so we 
decided to raise the temperature up to 300 K where we actually got a 
disordered plastic phase (see Figure 3). The results presented here are 
derived from two independent numerical experiences, each of which 
running over 2560 steps which means a total evolution time of 25 pcs. 
In the first part, we give some general features of the structural dis- 
order, though the detailed structural analysis of the obtained plastic 
phase will be the subject of a forthcoming paper. Then, we present the 
rotational dynamics of the dumbbells in its individual aspect. This dy- 
namics can be qualitatively understood through the time variation of 
the angular coordinates O(t). More quantitative informations, such as 
the librational lifetime, can be derived from the computation of rota- 
tional self-correlation functions ( f Ie( t )  Jfle(O)]) for different functions 
fo f  the angle e(t) .  At last, we show that in this plastic phase, the large 
spectral linewidth of the librational modes, as it can be observed 
through e.g. Raman or neutron spectroscopy, arises essentially from 
the spatial inhomogeneity in the instantaneous configurations of the 
different orientational potential wells throughout the sample. 

A Structural aspect of the orlentatlonal disorder 
It is first interesting to look at the ordered “herring bone” configura- 
tion obtained at the kinetic temperature 200 K (Figure 3a). This struc- 
ture appears as a succession of domains with right or left ferroelastic 
distorted structure. Of course, the detailed succession of these domains 
is strongly related to the size of the original sample and to the periodic 
boundary conditions, but each domain is clearly reminiscent of the or- 
dered ferroelastic distorted structure described in part I1 as a possible 
candidate for the low temperature ground state. In particular, the an- 
gular distortion, averaged over the hundred cells of the sample is about 
8 3 O ,  which is very close to the angular value a = 82” obtained by min- 
imizing the potential energy of the ferroelastic configuration. 

Let us now come to the disordered phase obtained at 300 K. On the 
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DYNAMICS SIMULATION OF AN ODIC PHASE 367 

(b) 
FIGURE 3 
dered “herring bone” phase. (b) T = 300 K: disordered phase. 

Instantaneous configurations of the simulated sample. (a) T = 200 K: or- 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
47

 2
1 

Fe
br

ua
ry

 2
01

3 



368 M. YVINEC 

one hand, Figure 3 shows an instantaneous configuration of the sys- 
tem. In this configuration, most of the A+ cages appear to be distorted, 
with a clear tendency to spatial correlations of these distortions in 
either ferro or antiferro local patterns. On the other hand, the structu- 
ral properties of this disordered system can be described through the 
time average values, or better, the probability distribution functions 
(pdf) of some relevant variables such as the centers of mass coordinates 
and the dumbbells orientations. This analysis confirms the average 
square symmetry (GU) of the high temperature phase. For instance the 
average centers of mass positions are actually the initial square posi- 
tions. The probability density function (pdf) P ( 8 )  of the dumbbell 
orientations is given in Figure 4. This function clearly exhibits this 
symmetry with the two preferred orientations 8 = a/4 ([1, 13) and 
8 = 3a/4 ([l, i]) for the dumbbells. To check this result we have ana- 
lyzed P(8)  in a Fourier series 

00 ] (111.1) 
1 

P ( 8 )  = -[ 1 + (a, cos n8 + b. sin no) 
2 a  n 

The result of this analysis is given in Table I1 and shows that, within 
the limit of our numerical accuracy, the only non zero coefficients are 
ad,, as it is to be expected for such a symmetry. Figure 4 and Table I1 
also give the orientational pdf P@) for a system of two harmonic oscil- 
lators, librating at 300 K with a frequency w = 120 cm-' around the 
two equilibrium positions 8 = 7d4 and 8 = 3 d 4 .  The difference be- 
tween P ( 8 )  and Pl(8) arises from two effects: 

a) in each instantaneous configuration of the simulated system the 
equilibrium orientations of each individual molecule can differ slightly 
from 8 = d 4  or 3 d 4 .  

b) as we shall see in the following (part I11 B), reorientations proc- 
esses take place with a finite time, allowing a finite probability to find 
the angular coordinate 8 out of the equilibrium positions. 

In conclusion, we can say that the simulated system actually presents 
an average square (G) symmetry. However this symmetry is only a 
mean property which arises from the spatio-temporal averaging of the 
fluctuations of local distortions. These local distortions are reminiscent 
of the local features of the low temperature structure and the local in- 
stantaneous aspects of the simulated system show no evidence of the 
average CdU symmetry of the whole system. In other words, the simu- 
lated plastic phase is, in fact, a rather unusual system where the rele- 
vant pdf are not Gaussian like so that the mean value of orientational 
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DYNAMICS SIMULATION OF AN ODIC PHASE 369 

and positional coordinates are in fact quite different from their most 
probable values. This aspect of the simulated system appears quite ob- 
viously if we consider the following fact: for each configuration en- 
countered in the molecular dynamics run  and each dumbbell in the 
sample we can compute the orientational part V ( 8 )  of the potential 
energy, a function of the angular coordinate 8. On the one hand the pdf 
P ( 0 )  (which has been computed from the dynamical data of the molecu- 
lar dynamics run) is very close to the spatio temporal average value 
(e-By(e)) of the maxwellian distribution associated with each potential 
V ( 8 ) .  On the other hand, we can compute the mean orientational po- 
tential ( V ( 8 ) )  experienced by the dumbbells. The mean value ( V ( 0 ) )  of 
the orientational potential reflects only the average structure and looks 
very much like the orientational potential arising from the average 

arbtrary unit To 
/\ I' '\ I \  

' '\ I ' \ r  

' ;  
I L  

I \  
r L  r 
I \  r \  
I \  

\ r 
r \ I 
I L I \ 

\ \ I 
\ / 

/ / '--/ \- 

I 
/ 

\ 

n14 nf2 3nn n 
FIGURE 4 Probability density function P(0) .  (a)@/ line: results from the 300 K mo- 
lecular dynamics simulation. (b) broken line: system of two identical harmonic potential 
wells around the directions 0 = d 4  and 0 = 3 d 4  at 300 K with a librational frequency 
of 120 cm-'. 
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370 M. YVINEC 

TABLE I1 

Coefficient of the Fourier development 

'[ 1 + F (a. cos no = b. sin 0) 
2n 1 

for P(0)  the pdf computed from the computer simulation data at 300 K. 
for P'(8)  orientational pdf for a model of two harmonic potential wells (with fre- 

quency of 120 cm-I) at 300 K.  

p ( e )  p v )  p(0) we)  
01 0.008 - bi 0.001 - 
a2 -0.004 - bi 0.010 - 
a3 -0.005 - b3 0.007 - 
a4 -0.526 -1.303 b4 0.003 - 
US 0.001 - bs -0.010 - 
0 6  0.003 - b6 -0.004 - 
a7 O.Oo0 - b7 O.OO0 - 
0 8  +0.069 +0.357 bc 0.002 - 
a9 0.001 - b9 0.009 - 
a10 -0.002 - bio 0.000 - 
a1 I O.OO0 - bit O.OO0 - 
a11 -0.010 -0.043 biz -0.004 - 
0 1 3  0.004 - bl3 -0.007 - 
a14 -0.003 - bl4 O.OO0 - 
(I15 0.001 - bis 0.005 - 
a16 -0.002 0.001 b16 0.003 - 

square configuration of the centers of mass lattice. This mean potential 
( V ( 8 ) )  would lead to a maxwellian pdf e-8("(e)) which is quite opposite 
to the actual p ( 8 )  and would give as preferred orientations the two di- 
rections 8 = 0' ([l, 01) and 8 = d 2  ([0, 13). 

B The rotatlonal dynamlcr of lndlvldual molecules 
a) A qualitative description of the rotational dynamics of the individ- 
ual molecules is given by drawing the time evolution of the angular 
coordinate 8(t)  for a few dumbbells in the sample (cf. Figure 5) .  For 
each dumbbell, we find a sequence of time intervals during which the 
dumbbell has a librational motion (these time intervals will be called 
shortly librational intervals in the following) interrupted by large am- 
plitude reorientations. This behavior is very similar to the two steps 
stochastic model introduced by Larsson," the main difference coming 
from the fact that, in our system, the librations take only place around 
one of the two preferred orientations [ l ,  11 and [ l ,  i], in complete 
agreement with the shape of the pdf P(8) .  
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I 
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372 M. YVINEC 

b) Let us now derive more quantitative informations through the 
analysis of rotational self-correlation functions 

(111.2) 

or, of the associated spectral density 

F(w)  = $ im F(r) cos at dr (111.3) 

which can be computed for any function f of the angular coordinate 8 
of a dumbbell?. The behavior of the time correlation F(r)  and the line- 
shape of its spectral density F ( w )  largely depend upon the chosen test 
function f and, before describing your results we need to make this 
point a little more precise (see also Ref. 21). For each instantaneous 
angular position e(t) of a dumbbell, we can define & ( r )  as the angular 
coordinate of the preferred orientation which is the nearest from e(?), 
and write 

(111.5) e(t) = e,(t) + Ae( t )  

with 

Ae( t )  = e(r) - es(t) 

whence 

j~e(r)i =fre,(t)l + f [e , ( t ) l  aw) + . . . . (111.6) 

The variable & ( r )  takes only a finite set of possible values and can be 
considered as a “pseudo spin” variable associated with the rotational 

t In Eq. (111.2). the symbol ( )stands for a thermal average which, in an ergodic sys- 
tem, is equivalent to the time average 

F(r) = lim - f j)e(r)im(r + 111 dr (111.4) 

In our calculation, F(r)  was approximated by, first, computing for each dumbbell the av- 
erage (111.4) over the complete duration of the molecular dynamics run and then, per- 
forming an average over the hundred dumbbells of the sample. The spectral density F(o) 
was finally obtained through a Fast Fourier Transform routine. Our simulation, due to 
its finite duration, provides the correlation function F ( f ) ,  with a sufficient statistical ac- 
curacy, over a limited time of about 5 pcs, which, owing to the assumed time reversal 
symmetry ofF(r), implies a frequency resolution of about 3 cm-’ for the spectral density 
F b ) .  

T - a  
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DYNAMICS SIMULATION OF AN ODIC PHASE 313 

dynamics of dumbbells. This pseudo spin variable remains constant 
during the librational intervals and only changes during the large am- 
plitude reorientations of the dumbbell from one potential well to 
another. In other words, the dynamics of the pseudo spin &(t) reflects 
only the reorientational dynamics of dumbbells, while the librational 
aspect is included in the fluctuations of the difference A8(t). 

Depending on the relative values of the test functionf(8J and of its 
derivativef(8,) for all the possible values of the pseudo spin, we can 
have one of the two following cases: 

(1) the correlation F ( t )  arises essentially from the first term of Eq. 
(111.6) which is numerically dominant: the behavior of F ( t )  then re- 
flects only the reorientational dynamics of the dumbbells. This occurs, 
in particular, when the test function f ( 8 , )  happens to have an extre- 
mum for the preferred orientations (in which casef(8,) = 0). 

(2) the second term (111.6) is the dominant one: this occurs essen- 
tially whenf(8,) vanishes for each possible potential well. Then the 
correlation function reflects the librational part of the dumbbell 
dynamics. 

In our two dimensional model, the natural test functions are the trig- 
onometric functions cos ne,  sin n8 which are just the analogue of the 
symmetry adapted functions introduced in Ref. 22 for two and three 
dimensional molecules and chosen as secular variables in the theory of 
K. H. Michel.’-’ 

In Figures 6 and 7, we show the spectral density &(a), Sl(o), and 
Cz(w) of the following correlation functions: 

(sin at?(?) sin 28(0)) 
S2(t) = (sin 2 q o )  sin 2e(o)) 

(sin 8(t)  sin e(0)) 
(sin 8(0) sin 8(0)) 

Sl(?) = 

(III.7a) 

(III.7b) 

(I I1 .7c) 

The functions sin 28 happens to be extremum for the preferred orienta- 
tions [ I ,  l] and [I, i] so that S2(t) is completely insensitive to the small 
amplitude librations around these directions. The spectral density 
S2(w) (Figure 6) is thus characteristic of the reorientational dynamics. 
It appears like a relaxational central peak with a HWHM of about 8 
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314 M. YVINEC 

larbitrary unit 

FIGURE 6 Spectral density of two rotational self-correlation functions. 

(sin 2O(t) sin 2O(O)) 
(sin 2O(O) sin 2O(O)) 

a) full line: &(w) = TF. 

(sin O ( r )  sin O(0)) 
(sin O(0) sin O(0)) 

b) broken line: SI(W) = TF, 

cm-' f and a decaying tail extending up to 50 cm-'. On the other hand, 
the function cos 28 vanishes for the preferred orientations and the 
correlation function G ( t )  actually reflects the librational motion. Its 
spectral density (Figure 7) exhibits a broad librational band extending 
from 50 cm-' up to 200 cm-'. A priori, as the function sin 8 is such that 
I f(&)/f(&)l = 1 for each preferred orientation, the spectral density 
could reflect both the librational and reorientational dynamics. In fact, 
the low frequency reorientational central peak is dominant and just 
masks completely the librational part so that Sl(w) (Figure 6) is very 
similar to &(a). 

t It is to be recalled that this spectral linewidth reflects both, the actual relaxation time 
of S2(r) and the spectral resolution (of 3 cm-I) of our calculation. 
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DYNAMICS SIMULATION OF AN ODIC PHASE 375 

FIGURE 7 Spectral density CZ(W) of the rotational correlation function. 

c) Reorientational dynamics. Lifetime of the librational intervals. 
We have shown above that the spectral densities Sz(w) and Sl(w)  are 
mostly reorientational. However, to study the reorientational dynam- 
ics-of the dumbbells it is even simpler to compute the correlations and 
spectral densities of functions of the pseudo spin variable: 

(sin 28,(t) sin 2840)) 
(sin 28,(0) sin 2840)) 

S~,(W) = FFT[Sz*(t)] Sz,(t) = (I I I. 8a) 

S2,(w) and SlS(w)  are shown on Figures 8 and 9 where they appear in- 
deed to be quite similar to the spectral densities SZ(W) and Sl(w).  These 
correlations functions reflect two aspects of the pseudo spin dynamics: 
first, the finite residence time of the dumbbells in a given potential well 
which is often referred to as the lifetime of librations and second the ef- 
fective reorientational motions from one potential well to another. The 
duration of an effective reorientation is also finite (for a temperature of 
300 K,  the mean velocity of a free rotation of a dumbbell m i s  
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316 M. YVINEC 

larbitrary unit 

FIGURE 8 Comparison between three different spectral density functions. 
a) full line: spectral density Sz,(o) of the pseudospin correlation function 

(sin 204r) sin 2040)) 
(sin 20,(0) sin 2040)) 

b) broken line: spectral density FZ(UJ) of the fitted exponential correlation function 

ha e-"" 

c) dotted line: spectral density &(a) of the rotational correlation function 

(sin 2Nr) sin 2e(O)) 
(sin 2qO) sin 28(0)) 

about 7.4 rd/s which corresponds to 0.4 ps for a free rotation of 
an angle n). However if we analyze the dynamics with a poor resolu- 
tion time (e.g. At 2 0.64 ps), the reorientations can appear as instan- 
taneous jumps and we can analyze the correlation functions Sz,(t) and 
Sl1(t) (for t 2 At)  in the framework of the theory developed by 
Rigny.13 In this framework, we assume that the possible reorientations 
of the dumbbells belong to the C4 rotational group. Then, as each test 
function sin 28, and sin 8, belongs to a different irreducible representa- 
tion of the group C4, SII(r)  and S2,(t) must have an exponential behav- 
ior with different relaxation times: 71 and rz 

Sl , ( t )  = A~ e-"" (III.9a) 

s Z I ( t )  = hz e-'/* (I1 I .9 b) 
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DYNAMICS SIMULATION OF AN ODIC PHASE 377 

I arbitrary unit 

FIGURE 9 Comparison between three different spectral density functions. 
a) full line: spectral density &XU) of the pseudospin correlation function 

(sin & ( r )  sin O,(O)) 
(sin &(O) sin O,(O)) 

b) broken line: spectral density of the fitted exponential correlation function 
A, -1’71 

c) dotred line: spectral density of the rotational correlation function 

(sin O ( r )  sin O(0)) 
(sin O(0) sin O(0)) 

The formulae (111.9) were used in a least square fit of the computed 
correlations SIX?) and &,(I) for t > 0.64 ps. This fit gives the following 
results 

hi 0.7, hz LJ 0.6 (111.10) 

71 = 7 2  = I f 0.1 pcs 

and 

These results imply that the probability of a C: jump (reorientation of 
an angle n/2) which is a change from one of the two preferred orienta- 
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378 M. YVINEC 

tions to the other is nearly equal to the probability of a C: jump (re- 
orientation of an angle n) which implies that, after the reorientation 
the dumbbell find again the same potential well. This fact which may 
seem surprising at first sight is in fact easily understood if we recall that 
orientational motions do not occur as thermally activated jumps over a 
fixed potential barrier. More likely, a dumbbell goes into reorienta- 
tional motion when a favorable conjunction of the translational modes 
relaxes for a while the surrounding cage of A+ atoms. Then, the dumb- 
bell can rotate nearly freely before being trapped in a new potential 
well which has little statistic correlation with the initial one and can be, 
with almost equal probability, in one of the two preferred directions. 
At last, we can derive from this analysis a more important result which 
is an evaluation of the average residence time, T, (or librational life- 
time) of the dumbbell in a given potential well. Following the analysis 
of Rigney er aLz3 one obtains easily: 

4 71 x 7 2  

2 7 2  + TI 
T =  1.25 pcs (111.11) 

As the mean librational frequency is about 120 cm-’ (see next section), 
the above result means that, in average a librational interval is lasting 
for about five oscillations. 

Although for technical numerical reasons, the relaxation times T I  

and TZ were deduced from a fit of the time correlation functions, we 
have drawn on Figures 8 and 9, the corresponding spectral density 

Fl(w) = FFT(A1 e-”“ 1 (111.12a) 

and 

Fz(w) = FFT(A2 e-”=) (111.12b) 

Apart from the elastic (o = 0) limit, these spectral densities fit the 
pseudo spin spectral densities &,(a) and &(a) in the low frequency 
part of the spectra. Of course the difference between the high frequency 
tails of FI(w)  and SI,(O) [respective ofFz(w) and SZ(W)]  arises from the 
intervals of effective reorientations of the dumbbells. 

d) The inhomogeneous broadening of the librational spectra. The 
lineshape of CZ(W) is not purely librational since, at least, it can be seen 
from Eq. 111.7 that this spectrum involves a convolution product with 
the spectral density of a pseudo spin function. However, in view of the 
above result, this convolution product cannot account for the 150 cm-I 
width of CZ(W). Following ideas currently admitted in the study of liq- 
uid states, the anomalous width of librational spectra is sometimes at- 
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DYNAMICS SIMULATION OF AN ODIC PHASE 379 

tributed to the short lifetime of librational intervals. This explanation 
neither fits our simulated system where the lifetime of librations is 
about 1.25 ps (which implies a spectral width AOJ of only 5 cm-') nor 
the experimental fact that the librational linewidth of the Fz, Raman 
spectrum of NaCN [which is the 3d analogue of C ~ ( W ) ]  is nearly inde- 
pendent of the temperature over the whole temperature range of the 
plastic phase. l 3  This last experimental fact implies moreover that the 
anharmonicity of the librational motion does not play a very impor- 
tant role; we are led to think that the major part of the librational line- 
width arises in fact from a dispersion of the librational frequencies due 
to the spatial inhomogeneity of the crystal at a given time. This "in- 
homogeneous broadening" arises from the quasi static structural dis- 
order of the ODIC phase: at a given time each dumbbell has a different 
surrounding cage and thus feels a different rotational potential. To 
check this hypothesis, we computed an estimate of the importance of 
the inhomogeneous broadening in the following way: for a few configu- 
rations of the sample obtained in the course of the molecular dynamics 
run, we assumed that the centers of mass of the A' ions were suddenly 
frozen in their actual positions. For each dumbbell we computed the 
best translational and orientational position by a minimization of the 
repulsive potential arising from the surrounding frozen cage of A+ 
atom. The second derivative of this potential with respect to the angu- 
lar coordinate of the dumbbell was then taken as an estimate of a libra- 
tional frequency. The obtained frequencies are displayed as an histo- 
gram on Figure 10. This histogram shows a large distribution of 
frequencies extending roughly from 50 cm-' up to 200 cm-'; the first 
moment of this histogram which can be considered as the mean libra- 
tional frequency is about 120 cm-'. 

The comparison between Figures 7 and 10 is rather striking and 
shows that, indeed the major part of the linewidth of Figure 7 comes 
from this inhomogeneous linewidth. In the calculation leading to Fig- 
ure 10 a possible coupling of the librational modes with translational 
one is completely neglected. Thus the good agreement between Figures 
7 and 10 implies also that such a coupling plays no important role in 
our system. In fact, despite the strong relation between reorientational 
motions and translational modes, the bottom well librational excita- 
tions seemed to be quite independent from the other dynamical proc- 
esses (translations and reorientations). This fact which is usually as- 
sumed in the various study of plastic phases appears clearly on the 
dispersion curves of the low temperature phase (Figure 2) where the 
percentage of the librational character in a given mode is shown for the 
different branches at various points of the reciprocal space. Such a 
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380 M. YVINEC 

FIGURE 10 Histogram of the harmonic librational frequencies. Compare with Fig- 
ure 6. 

study was already made by Windsor et 01.~' in the case of adamantane 
and led to a similar result. 

CONCLUSION 

The molecular dynamics calculation presented here is the first step of a 
systematic study of ODIC phases through computer simulations. In 
this paper, we have confined ourselves to a limited number of points, 
studying a 2d model the characteristics of which were, in many re- 
spects, designed to be reminiscent of those of the plastic phase of an al- 
kali cyanide (NaCN for instance). The main points which have come 
out of this study are the following: 

1) At a given time, the local structure of the ODIC phase is very sim- 
ilar to that of the low temperature phase of our model. 

2) The probability distribution function P ( 0 )  has the square symme- 
try of the mean ODIC lattice, with maxima along [ l ,  13  and [ l ,  11 
directions. 
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DYNAMICS SIMULATION OF AN ODIC PHASE 381 

3) The reorientational dynamics of the dumbbells can be analyzed 
through the study of some appropriate self-correlation functions, such 
as those of sin B ( r )  or sin 2d(r). The analysis shows that the notion of a 
time of residence at the bottom of a potential well, T R ,  is meaningful in 
our case ( T R  = 1.2 pcs) and that the probability for making 90" and 
180" reorientations are approximately equal. The exponential decay re- 
lated to such a probability is the prominent feature of the correspond- 
ing spectra, and appears as a very intense and narrow central peak. The 
high frequency part of these spectra contain the informations related to 
the finite duration of the reorientation processes; nevertheless we have 
not yet been able to obtain a reliable enough numerical accuracy to 
properly analyze those effects which are clearly visible in our calcula- 
tions. 

4) The librations of the dumbbells near the bottom of their potential 
well can be rather properly isolated in the self-correlation function of 
cos 2B(r). These librations appear as a very broad band, centered 
around 120 cm-', with a HWHM of -50 cm-'. Our analysis shows that 
this band width is completely dominated by the inhomogeneous 
broadening due to the various orientational potentials experienced by 
the different dumbbells; on the contrary the finite lifetime of the libra- 
tions and the orientational-translational coupling play here a very 
minor role. 

All these results agree well with our present knowledge of plastic 
phases. They also emphasize the necessity of measuring different corre- 
lation functions, on a wide frequency range in order to properly ana- 
lyze the orientational dynamics of such phases. For instance in NaCN, 
the librational spectrum is attained through the function {-( l/a) 
[ Yi(8,cp) - Yi'(B,cp)]} and the reorientational dynamics through 
Y:(B,cp). Nevertheless up to now, the latter has not been measured at 
low enough frequency to directly extract the residence time out of it. 

It is also important to note that our analysis has been performed at 
one given temperature (300 K), close to the order-disorder transition 
of the system and for one value of the moment of inertia of the dumb- 
bell. 

An increase of T will certainly decrease the ratio between the time 
of residence, TR, and the mean period of libration of the dumbbell. In 
the present calculation, this ratio is approximately 5 ,  and it will be im- 
portant to see if it remains large enough close to the melting tempera- 
ture, to allow for the notion of well-defined librations to persist over 
the whole ODIC phase. 
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0. Though no spatial (static or dynamical) correlation functions 
have been computed in this paper, a direct look at drawings, such as 
those of Figure 2, taken at different times, shows that the reorienta- 
tional dynamics involves essentially local effects. This is primarily due 
to our choice of parameters so that the librational frequencies of the 
low temperature phase, some zone boundary phonons and the free ro- 
tation frequency of the dumbbells are roughly equal. In such a case 
(which is the situation for the alkali cyanides) a time typical for a re- 
orientation process, matches with that of a local fluctuation of the po- 
sition of the four nearest neighbors of a given dumbbell. This matching 
will not survive if the moment of inertia increases; the mechanism al- 
lowing for the reorientational processes in this latter case will need to 
be carefully analyzed through the spatial correlation functions. This 
will be the subject of a forthcoming paper. 

References 

I .  The Plastically Crystalline State, J. N. Sherwood ed., (Wiley and Sons, New York, 
1979). 

2. Vibrational Specrroscopy of Molecular Liquids and Solids, S .  Bratos and  R. M. Pick 
eds. (Plenum Press, New York. 1980). 

3. K. H. Michel and H. de  Raedt, J. Chem. Phys., 65,977 (1976). 
4. K. H. Michel and J. Naudts, J. Chem. Phys., 67,547 (1977). 
5 .  K. H. Michel and J. Naudts. J. Chem. Phys., 68,216 (1978). 
6. H. J. Verweel and J. N. Bijvoet, Z. Krist., 100, 201 (1938). 
7. D. L. Price, J. M. Rowe, J. J. Rush, E. Prince, D. G. Hinks and S .  Susrnan. J. Chem. 

8. J. M. Rowe, D. G. Hinks. D. L. Price, S. Susrnan and J. J. Rush,J. Chem. Phys., 58. 

9. D. Fontaine. R. M. Pick and M. Yvinec, Solid State Commun.. 21, 1095 (1977). 
10. S. Haussuhl, J. Eckstein, K. Recker and F. Wallrafen, Acta Cryst., A33.847 (1977). 
11. M. Boissier, R. Vacher, D.  Fontaine and R. M. Pick, J. Physique, 41, 1437 (1980). 
12. J. J. Rush, J. M. Rowe, N. Vagelatos, D. L. Price, D. G. Hinks and S. Susman, J. 

13. D. Fontaine and R. M. Pick, J. de Physique, 40, 1105 (1979). 
14. M. L. Klein and I. R. McDonald, Chem. Phys. Lett., 78, 383 (1981). 
15. M. Born and K. Huang, Dynamical Theory of CrysralLarrice, Clarendon Press, OX- 

16. M. Parrinello and A. Rahman, Phys. Rev. Letters, 45, 1196 (1980). 
17. W. Press. J. Chem. Phys.. 56, 2597 (1972). 
18. L. Verlet, Phys. Rev., 159, 98 (1967). 
19. S. G. Brush, H. L. Sahlin and E. Teller, J.  Chem. Phys., 45,2102 (1966). 
20. K. E. Larsson, J. Chem. Phys.. 59,4612 (1973). 
21. J. L. Sauvajol er al., to  be published. 
22. M. Yvinec and R. M. Pick, J. dePhysique. 41, 1045 (1980). R. M. Pick and M. Yvinec, 

23. P. Rigny. Physica, 59,707 (1973). C .  Thibaudier and F. Volino, Molecular Physics. 

24. C .  G.  Windsor, D. H. Saunderson, J. N. Sherwood, D. Taylor and G. S. Paw1ey.J. 

Phys., 56, 3697 (1972). 

2039 (1973). 

Chem. Phys.. 62,4551 (1975). 

ford, p. 26 (1968). 

J. de Physique, 41, 1053 (1980). 

26, 1281 (1973). 

Phys. C, 11, 1741 (1978). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
47

 2
1 

Fe
br

ua
ry

 2
01

3 


