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Structural relaxation and dynamical correlations in a molten state near the 
liquid-glass transition: A molecular dynamics study 

Giorgio F. Signorini,a) Jean-Louis Barrat,b) and Michael L. Klein 
Department o/Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6323 

(Received 12 July 1989; accepted 24 August 1989) 

Molecular dynamics calculations have been used to study structural relaxation and dynamical 
correlations near the glass transition in the system [Ca(N03 h]o.4 [KN03 ]o.6' As in a typical 
molten salt, the overall structure is determined by charge ordering. However, the radial 
distribution function for Ca2 + ions is unusual in that even at high temperatures it shows a split 
first peak due to specific spatial correlations of the cations with the nitrate anions. Structural 
relaxation that accompanies cooling of the system has been characterized with the aid of the 
van Hove real-space correlation functions Gs (r,t) for the constituent atoms (Ca, K, N, 0). 
The relaxation of the incoherent structure factor Fs (k,t), with a wave vector k near the peak of 
the static structure factor, has been investigated as a function of temperature. The results 
clearly reveal both the a and /3 relaxation processes; the former can be well represented by a 
master curve with a stretched exponential shape. An analysis of the susceptibility, which agrees 
qualitatively with neutron spin-echo data, suggests that the glass transition for the model 
occurs around 400 K. The relatively small discrepancy with the experimental transition 
temperature derived from neutron scattering data (366 K) is likely related to inadequacies in 
the model employed for the interionic interactions. The functions C1(t) and C2(t) , which 
describe the reorientational relaxation of the threefold symmetry axes of the nitrate ions, are 
shown to exhibit a scaling behavior analogous to that of the structure factor. In the region of 
the glass transition, where translational diffusion has essentially stopped, the nitrate ions 
continue to flip predominantly about their twofold axes. 

I. INTRODUCTION 

The dynamical properties of supercooled liquids and the 
glass transition have received considerable attention, both 
from theoretical and experimental points of view. In addi­
tion, detailed computer simulations studies on idealized 
models have also contributed to our understanding of the 
field. 1 Recent theories of supercooled liquids, such as those 
based on mode-coupling schemes, describe the glass transi­
tion as an ideal ergodic to nonergodic transition occurring at 
a well-defined temperature; this transition is triggered by the 
nonlinear feedback mechanism governing the relaxation of 
density fluctuations, and is smeared by the existence of acti­
vated processes which restore ergodicity on a long time 
scale. Besides the existence of such a transition, mode-cou­
pling theories predict the appearance, close to the transition, 
of two slow-relaxation steps (i.e., slow on the time scale of 
phonon motion) .2 The first of these two steps should exist on 
both sides of the transition temperature Tc and slow down 
critically with a characteristic time ".'. The second step exists 
only on the liquid side and when Tc is approached, the diver­
gence of the associated time scale r> T. There is also a diver­
gence of the transport coefficients.2 The similarity ofsuscep­
tibility spectra to experimental dielectric loss data has lead to 
the traditional, but somewhat misleading, terminology of 
the glass literature: namely, the second step is called a or 
primary relaxation and the first step is called /3 or secondary 
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relaxation. In this paper, we shall use the term "/3-relaxa­
tion" to mean "first slow-relaxation Step". Although this 
relaxation is very likely linked to the experimentally ob­
served/3-peaks such a link has not yet been demonstrated for 
any microscopic model. 

A number of the theoretical predictions have been at 
least qualitatively confirmed by neutron scattering experi­
ments4-6 and computer simulations on simple models.7- lo 

The large time window explored by time-of-flight and spin­
echo neutron scattering experiments4

•
6 allows a detailed 

analysis of the scaling behavior near the glass transition. Al­
though a comparable range of times cannot usually be ex­
plored with molecular dynamics simulations such calcula­
tions can nevertheless yield valuable complementary 
information on the nature of microscopic dynamical pro­
cesses in glassy systems. 

In this paper, we present the results of molecular dy­
namics calculations on the behavior of supercooled 
[Ca(N03 h]o.4 [KN03 ]o.6' The excellent glass-forming 
ability of this fused salt has made it the object of numerous 
experimental studies, in addition to the neutron scattering 
experiments already mentioned. 11-14 The relative simplicity 
of the constituent species in this so-called "fragile" liquid 14 

makes it an ideal candidate for a detailed study by molecular 
dynamics. Section II presents the interaction potentials and 
outlines the simulation procedures employed in the present 
work. The validity of the model is discussed in the light of 
density and sound velocity data, and results for the static 
pair structure are presented. Section III deals with single 
particle diffusion, Sec. IV with the relaxation of the pair 
structure, and Sec. V with the rotational motion of the ni­
trate ions. The article ends with a brief discussion. 
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TABLE I. Potential parameters.' 

Ail B" C" q, 
Atom, i (MJ mol-I) (A-I) (kJmol-- I) (lei) 

Ca 151.0 3.05 1464 2.00 
N 140.8 3.78 1084 0.95 
0 260.0 4.18 1085 -0.65 
K 151.0 2.967 1464 1.00 

'Cross-interaction parameters AIj' Cij were obtained from the geometric 
mean of the ii andii parameters; Bij parameters from the arithmetic mean 
[The parameters were provided by M. Ferrario (private communication, 
1988) 1. 

II. MOLECULAR DYNAMICS CALCULATIONS 

A. Technical details 

The simulation system consisted of 192 K + , 128 Ca2 + 

and 448 NO; ions contained in a cubic box and interacting 
via atom-atom and charge-charge potentials of the type 

V(r) = Aij exp( - Bijr) - eij/I> + qjq/r. (1) 

The atom-atom potential parameters are listed in Table I. 
The anion parameters are similar to those used in a recent 
study ofNaN03• 15 The cations carried their full charges and 
N03- was treated as a rigid unit with fractional charges (qj) 
on the N and ° atoms. 15 No polarizability effects were con­
sidered. Periodic boundary conditions were imposed, and 
the long-range electrostatic interactions between the ions 
were computed using the Ewald method. Most of the simula­
tions were carried out under constant-pressure constant­
temperature conditions following the extended system 
method introduced by NOSe. 16 The time step used for the 
integration of the dynamical equations was 10- 14 s. 

The sample of768 ions was first equilibrated for 10 ps at 
T = 2000 K and V = 34 138 A? Then a 30 ps run was car­
ried out to determine the equilibrium properties correspond­
ing to this state condition. Next, with the volume held con­
stant, the temperature was rescaled to 800 K, and a 10 ps 
equilibration trajectory was run. A subsequent 40 ps trajec­
tory was then stored for analysis. These two runs effectively 
constituted the preparation of the system. The study of the 
glass transition began with a sequence of cooling-equilibra­
tion-run cycles, carried out under constant-pressure condi­
tions, which eventually brought the system temperature to 
700,600,550,450, and 350 K, respectively. The presence of 
long-range Coulomb interactions meant that the calculation 
times were rather long and hence the effective cooling rate 
was necessarily rather rapid, being ofthe order of 1012 K/s. 

TABLE II. Molecular dynamics results. 

(T) (P) (U) 
Ensemble (K) (kbar) (10- 16 1) 

NVT 2000 0.00 - 2.236 
NVT 800 -0.31 - 2.498 
NpT 700 -0.32 - 2.529 
NpT 600 -0.29 - 2.559 
NpT 550 -0.28 - 2.572 
NpT 450 -0.27 - 2.643 
NpT 350 -0.25 - 2.657 

2.2 I- c 
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FIG. 1. Temperature dependence of the mass density of 
[Ca(N03 hlo.4 [KN031o .•. The solid line is a fit to the experimental data 
(Ref. 12) and the squares are the molecular dynamics results. 

The primary molecular dynamics data are summarized in 
Table II. 

B. Validity of the model 

As a prelude to the study of the glass transition we tested 
the ability of the model to represent real 
[Ca(N03 )2]O.4 [KN03 ]o.6' The calculated zero-pressure 
mass density Pm is presented in Fig: 1. In the range of the 
limited experimental data,13 the simulation results are about 
5% too high. This observation suggests that the interionic 
interactions are too strong and that as a consequence the 
system is too tightly "coupled." A curve drawn through the 
calculated Pm (n points changes slope around 500 K. This 
feature is sometimes used as a diagnostic for the glass transi­
tion but it actually signifies the temperature at which the 
relaxation time for volume changes has become comparable 
to the simulation time. 1 Anticipating our results we will see 
that there is evidence for continued slow structural relaxa­
tion below this temperature and that the transition tempera­
ture for the model is actually around 400 K. 

In view of the recent neutron experiments,4,6 we shall be 
mostly interested in the long-time behavior of time-depen­
dent properties. However, before proceeding to a discussion 
of the long-time behavior we first compare the short-time 
dynamical properties of the model with experimental data, 
The velocity of longitudinal sound was estimated from the 
short-time oscillations in F(k,t), the density-density dy­
namical structure factor with k~0.2 A-I, the smallest wave 
vector compatible with the periodic boundary conditions. 
The calculated sound velocities ranged from 3300 ms - 1 at 
450 K to 2500 ms - 1 at 600 K whereas the corresponding 
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experimental values from Brillouin data range from 2500 to 
1800 ms - I. II This discrepancy in the molten salt is a further 
indication of the exaggerated stiffness of the model (recall 
the mass density plotted in Fig. 1), but is likely also partly 
due to the use of high frequency (1012 S - I) oscillations to 
estimate the sound velocity. At the lowest temperature stud­
ied, where the discrepancy in the density is smallest (see Fig. 
1), the calculated sound velocity (3500 ms - I) is in better 
agreement with the measured value. 

As a further check on the model, Fig. 2 presents a com­
parison between the neutron time-of-flight spectrum4 and 
that obtained from power spectra of the atomic velocity au­
tocorrelation functions weighted by their appropriate neu­
tron scattering cross sections: Apart from a high frequency 
shoulder, which is absent from the simulation result, the 
broad features of the phonon contribution are correctly re­
produced. The discrepancy at high frequency is possibly due 
to multiphonon processes and the absence of internal modes 
in the rigid model employed for the N03- ion. 

From the above mentioned results, we conclude that the, 
interaction potentials of Table I provide at least a semiquan­
titativedescriptionof[Ca(NO~hjo.4 [KN031o.6 ' However, 
since the interionic coupling appears to be sligq.tly too 
strong, we would expect that the behavior of the model at a 
given temperature will likely correspond to that of the real 
system at a slightly lower temperature. 

C. StatiC structure 

The structure of a fused salt at different temperatures is 
best studied by means of ga/J (r), the distribu,tion functions 
for different pairs of atoms a-/3. The simulations indicate 
that the basic liquid-like structure is retained when the fused 
salt is cooled below 800 K. In particular, the peak positions 
in ga/J(r) shift only slightly as the tempera~ure and volume 
decrease and the main peaks are fairly broad at all tempera­
tures. No evidence of crystallization of the sample was de­
tected during any of the runs. There is, however, one striking 
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FIG. 2. Phonon density of states (in arbitrary units) for glassy 
[Ca(NO,h]o .• [KN03 ]o .• plotted as a function of the inverse velocity of 
the scattered neutrons in a time-of·flight experiment. The full curve is the 
neutron-weighted power spectrum constructed from the atomic velocity 
auto correlation functions. The dashed curve is the experimental result 
from Ref. 4. 
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FIG. 3 .. (a) Radial distribution functions for Ca-Ca at various tempera­
tures: 2000 K (full), 800 K (dashed), 550 K (dots) and 350 K (long 
dashes), 'respectively. The split first peak should be noted. (b) Atom-atom 
radial distribution functions for Ca-O, Ca-N. and Ca-Ca at 350 K. 

structural feature present, namely, a split first peak in the 
curve for Ca-Ca pairs which is illustrated in Fig. 3(a). Dis­
tribution functions for Ca-O and Ca-N at 350 K are shown 
in Fig. 3 (b). The alternating pattern of negative and positive 
shells, characteristic of molten salts, is clearly visible. The 
position and area under the first Ca-O and Ca-N peaks indi­
cate that N03- 'is surrounded on average by 2.2 Ca2 + ions, 
with the Ca-N vector forming a small angle ( - 20") with the 
molecular plane. The g(r)'s for K-N and K-O pairs at the 
same temperature (not shown) yield a coordination number 
of 7.5 for K + around each N03- , but with a much less well­
defined structure. The split peak in the g(r) for Ca-Ca 
shown in Fig. 3 cannot be directly related to the onset of the 
glassy phase because it is already present even at 800 K. A 
more detailed analysis of the simulation data indicates that 
the double peak arises from the existence of two preferred 
arrangements of the closest pair ofCa2 + neighbors to a given 
N03- ion. Essentially, the two Ca2 + ions can be either on the 
same side or on opposite sides ofthe N03- molecular plane. 

III. TAGGED PARTICLE DYNAMICS 

A. Diffusion 

In order to estimate D a' the diffusion coefficients of the 
different species a, we have calculated the atomic mean­
square displacements 
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(2) 

The asymptotic temporal behavior of Ar! (t) is given by 
6Da t. Calculated values of Ar.. (t) for the species ea2+ are 
presented in Fig. 4. The diffusion coefficient is seen to de­
crease very rapidly with T; it ranges from 9.0 X 10-7 cm2 s - I 

at 700 K to 6.9X 10-8 
S-I at 550 K. Below T= 550 K, the 

value of D is sufficiently small that it is affected by large 
statistical uncertainties. Values of D for the other species at 
700 Kare 3.1 X 10-6 for K+ and 2.5X 1O-6 cm2 S-I N03-. 

B. van Hove function 

A more detailed picture of the diffusion can be obtained 
from the van Hove self-correlation functions Gsa (r,t), de­
fined as 

(3) 

In a liquid, Gsa (r,t) relaxes to 0 at long times, asymptotically 
approaching a Gaussian shape, with a width D a t. In a solid, 
Gsa (r,t) levels off to a finite value at long times, the width 
being related to the Lindemann ratio. Figure 5 presents re­
sults for Ca2 + at different temperatures. The maximum of 
rGsa (r,t) indicates the most probable position 6fthe parti­
cle a at time t which was at the origin at t = O. In Fig. 5 (a), 
this maximum is clearly drifting with increasing times, indi­
cating liquid-like behavior at 600 K. A slight drift is still 
evident in Fig. 5 (b). This temperature (450 K) is below the 
point where a curve drawn through the Pm (n of Fig. 1 
would have a change in slope. The T = 350 K results shown 
in Fig. 5 (c) are characteristic of a structure that is virtually 
arrested on the time scale of the simulation. The other spe­
cies display' a very similar behavior, except for oxygen, 
whose Gsa (r,t) has apeculiar double-peaked structure due 
to the rotation of the nitrate ions (see Fig. '6). This rotation, 
which is present at all temperatures, will be explored more 
fully in Sec. V. The results for Ar.. (t) and Gsa (r,t) give an 
indication of a transition from ergodic (liquidiike) to a nOn-
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FIG. 4. Mean-square displacements of Ca2 + ions as a function of time at 
various temperatures. 
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FIG. ,. ,The van Hove r~l-space self-correlation function for Ca2 + ions at 
<a> 6(0)'(; t = 5,15, 30, and 45 Ps, respectively, <b> 4S0K; t = 20,120, ISO, 
and 240 ps, respectively. < c > 350 K; t == 20, 60, 120, and 280 ps, respective­
ly. 
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FIG. 6. The van Hove real-space self-correlation function for oxygen atoms 
at 550 K for t = 10,30,60, and 90 ps, respectively. 

ergodic (glassy) behavior taking place between T= 450 K 
and T = 350 K. Activated hopping-like diffusion, which was 
observed to become dominant below the transition in a com­
parable study of a soft sphere fluid,9 is virtually absent from 
our results. Actually, the study of individual trajectories re­
vealed the presence of very rare jumps for K + ions, even at 
T = 350 K; an observation consistent with the experimental­
ly determined residual conductivity below the glass transi­
tion. 12 However, these jumps are so infrequent that their 
quantitative study is far beyond the reach of the present sim­
ulation. 

c. Scattering factor 

The structure factor for incoherent neutron scattering is 
defined as the spatial Fourier transform of Gsa (r,t) 

Fsa(k,t) = (exp{ik'[ra(t) -ra(O)]}). (4) 

In simulations, this quantity can be obtained with much 
better accuracy than the coherent scattering factor which is 
experimentally accessible. However, for atomic systems, and 
for wavevectors near the peak in the structure factor ko, both 
the coherent and incoherent responses usually display a sim­
ilar time dependence. Accordingly, if one examines the re­
sponse for Ca2 + ions only, rather than that of some weight­
ed average over all species present, one can reasonably 
compare F sa (ko,t) results for Ca2 + ions to the neutron scat­
tering data reported in Ref. 4. This restriction is necessary 
since averaging the incoherent structure factor over all spe­
cies a would likely result in a decay of Fsa (ko,t), due to the 
oxygen atom contribution arising from rotational motion of 
the nitrate ions; a process which is observed in both the liq­
uid and in the glass. Since this rotational motion was found 
to consist mainly of rapid flipping of molecules around their 
twofold axes (i.e., the NO bonds-see Sec. V), it will likely 
have only a modest influence on the collective properties 
measured by neutron scattering. Figure 7 shows F sa (ko,t) 
for ea2+ ions at ko = 1.74 A -I which should be compared 
to the neutron results displayed in Fig. 3 in Ref. 4. Three 
relaxation steps can be clearly distinguished. The first, 

0.8 
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-:;:;-.. 
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--------------____ 35oK 

1.0 

.. ·~ .. 450K 

'. ". 

10.0 

l (ps) 

". 

550K 

600K 
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FIG. 7. The temperature dependence of F,(ko,t) for Ca2+ ions for 
ko = 1.74 A -I. The dashed lines indicate the fitted curves used to extrapo­
late the data and to calculate the spectra shown in Fig. 9 (see the text). 

which is almost independent of temperature, occurs on time 
scales t..;;0.5 ps, typical of inverse phonon frequencies. The 
second step, which is characterized by a positive curvature of 
F sa (ko,t) in a semilog plot, becomes more pronounced as T 
decreases. This feature can be identified with the /3 relaxa­
tion process. The third relaxation step, or a relaxation, slows 
down considerably when T decreaSes. It appears in the simu­
lations at high temperatures but only its very beginning can 
be discerned at T = 450 K. 

The scaling features of the a relaxation process, both 
predicted by mode-coupling theories2 and observed experi­
mentally,6 are illustrated in Fig. 8. By translating the curves 
obtained at different temperatures on a logarithmic scale, a 
master curveJtx) can be obtained with the form 

Fs(ko,t;n =/(x) =f[t h(n]. (5) 

In the present case,Jis well approximated by a Kohlrausch 
law, 

lex) = 0.90 exp( _ XO.61 ). (6) 

;'l 

~ 
~ g ~ "" .. 

~ 

"I 
0 

g 
10'" le! Id 

FIG. 8. The master curve fit toF,(ko,t) for Ca2 + ions with ko = 1.74 A -I. 
The bold curve indicates the Kohlrausch law,./tx) = 0.90 exp [ - xo .• , J 
where x = t /1'( n. The dashed and dotted curves are from Fig. 7 and from 
left to right refer to 350, 450, 550, 600, and 700 K, respectively. The curve 
for T = 350 K lies systematically above the master curve suggesting that at 
this temperature the system is in a glassy state. 
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In reality, the scaling hypothesis has been assumed in 
order to obtain the master curve (Eq. 6). However, the con­
sistency of the results and the reasonable relaxation times 
that follow suggest that, at least for wave vectors around ko, 
the value of fJzO.6 is appropriate for all temperatures con­
sidered. The relaxation curves could almost certainly be fit­
ted by other functional forms but, in practice, scaling has to 
be assumed since we have such a limited data set. 

The curve for T = 350 K in Fig. 8 appears to lie well 
above the master curve obtained for higher temperatures, 
which is a further indication of the glassy character of the 
system at this state point.9 The temperature-dependent re­
laxation times 1"( T) that appear in Eq. (5) are of the same 
order of magnitude as typical diffusion times (1"- 1 = Da - 2, 

where a is a jump distance), but unfortunately, in the present 
case, the uncertainties on the calculated diffusion constants 
(recall Fig. 4) do not allow their a priori use as a scaling 
parameter, as was done in the analysis of the neutron data.6 

Instead, values for 1"( T) have been obtained from a best fit 
procedure using Eq. (5). Except for T = 450 K, the values 
of1"( T) obey (roughly) the relation 1"( T) = (Da- 2

) -1 with 
a = 2 A. These diffusion times are much larger than the 
shear relaxation time 1"5 estimated from experimental sound 
velocity and viscosity data. ll However, a comparable order 
of magnitud~ for 1"5 results if we take values for the viscosity 
derived from the Stokes-Einstein relation and the calculated 
diffusion coefficient, plus the experimental value for the high 
frequency shear modulus. Relaxation times derived from the 
master curve analysis of Fs (ko,t) for nitrogen atoms are 
shown in Fig. 14 (Sec. V), where they are compared with 
rotational relaxation times of nitrate ions. 

In view of the exponential decay observed for T> 500 K 
in recent light scattering experiments (L. Torell, private 
communication) the non-exponential decay shown in Fig. 7, 
at 700 K, is somewhat surprising. This apparent contradic­
tion can be understood from the fact that for small wave 
vectors, the hydrodynamic limit (and thus the exponential 
decay) are recovered much closer to Te. Indeed, a master 
curve analysis performed on a soft sphere system for differ­
ent k values yielded a Kohlrausch exponent fJz 1 for the 
smallest k considered.8 The master curve shown in Fig. 8 
differs in detail from the corresponding experimental one.6 

However, this is not entirely unexpected since the simulation 
and experiment are actually measuring different properties 
and the a relaxation is known to depend on the quantity 
considered. 

The existence of two different slow relaxation steps 
manifests itself in the frequency spectrum of Fs (ko,t) by the 
existence of a minimum in the susceptibility 

x" (ko,w) = w f dt exp(iwt)F5 (ko,t). = wSs (koW)· (7) 

In Fig. 9, log X" (ko,w) is plotted vs log w. To obtain the 
required Fourier transform, the calculated results for 
Fs (ko,t) have been artificially smoothed and extrapolated to 
longer times using Kohlrausch functions fitted to data for 
each temperature. The fitted curves are indicated by the 
dashed lines in Fig. 7. The susceptibility (X") curves shown 
in Fig. 9 are very similar to the experimental ones reported in 

.1 

.01 L-~~wL~~~L-~~~~~~~~~ 
.0001 .001 .01.1 10 

Col (10'· s-') 

FIG. 9. Temperature dependence of the susceptibility X· (Ill) = IlISs (ko.IlI) 
for Ca2+ ions from the fitted curves in Fig. 7. The dots indicate minima in 
the respective curves. 

Fig. 4 of Ref. 4. The position of wmin ' the minimum in X" , 
varies rapidly with temperature, indicating the slowing 
down of the two relaxation processes. The relatively restrict­
ed frequency range of the simulation data does not allow a 
detailed scaling analysis of the results similar to the one per­
formed in Ref. 4. However, it is interesting to note that the 
minima of the curves in Fig. 9 appear to lie on a straight line; 
a feature predicted by mode-coupling theories.2 According 
to these theories, both Wmin and X min are expected to vary as 
power laws of E = T - Te, where Te is the critical tempera­
ture for the ergodic-nonergodic transition. In the present 
case, an extrapolation of the positions of the minima suggests 
Te = 400 K; a value which is in reasonable agreement with 
the experimental result Te = 366 K from derived from neu­
tron scattering data.4

,6 

Another interesting feature of the X" spectrum shown in 
Fig. 9 is the presence of a shoulder around 0.5 X 10- 12 s -1. 

This feature is very reminiscent of the so-called beta peak 
which is often observed in dielectric relaxation experiments 
at lower frequencies and closer to the transition. 17 Anticipat­
ing our results we will see that a similar feature is also present 
in the susceptibility spectrum of the orientational relaxation 
function C2 (t) ( see Sec. V, Fig. 15). 

IV. COLLECTIVE DYNAMICS 

The collective dynamics of the system has been investi­
gated with the aid of the van Hove distinct correlation func­
tions Gd (r,t) defined as 

pGdatJ (r,t) = (~t5[r;a (t) - rjtJ (0) - r] )/N;a~tJ. 
v (8) 

For t = 0, GdatJ (r,t) reduces to gaP (r), the pair distribution 
function for the pair of atoms a-fJ. In a liquid, Gd (r,t) de­
cays to 1 at long times but in a glass a "frozen-in" structure 
persists for very long times. The Ca-N correlation functions 
are displayed in Fig. 10 for T = 450 K. Even at high tem­
peratures, structural relaxation is quite slow with a well-
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this quantity' should have the factorized form 

Gd(r,t) -Gd(r,180 ps) = H(r)Lf(t) -/(180)]. (9) 

Such behavior is, in fact, observed in the present calcu.1a­
tions. Figllre lO(b) shows that the curves obtained for differ­
ent times appear to coincide once they are rescaled by an r­
independent factor. The resulting universal curve is 
strikingly similar to the H(r) function recently calculated 
for hard spheres. IS 

v. ORIENTATIONAL RELAXATION 

The analysis of the G. (r,t) plot for oxygen atoms (recall 
Fig. 6) indicated the existence of important reorientational 
motions of N03- ions at all temperatures. We have analyzed 

0.0 
2.0 

(8) 
4.0 

rl).) 

6.0 B.O this motion in more detail by computing the distribution 
function for the tilting angle of the molecular plane 8(t) 
defined as 

0.4 

0.2 

~ 0.0 
:c 

-0.2 

-0.4 L...L-,-~-'-.J'--'---'---'--'-""""""-L-~-'-'--'-...L...I-'-.......... --,-, 

2.0 3.0 4.0 5.0 6.0 7.0 

(b) r(A) 
FIG. 10. (a) The time dependence of the van Hove function Gd (r,l) for Ca­
N atom pairs at T= 450 K. The full curves are for I = 2, 20, 120, 180, and 
240 ps, respectively and the dashed curve is g(r). (b) The function 
{Gd (r,l) - Gd (r,180 ps)} at T= 450 K for t = 20, 30, and 4Ops, respec· 
tively. The latter two curves have been rescaled by an r·independent factor. 

defin~ structure remaining after 50 ps. At 450 K, a relative­
ly fast decay (t<;. 50 ps) corresponding to the first and second 
relaxation steps in F. (ko,t), is followed by a plateau. The 
beginning of the a relaxation process which was observable 
in Fs (ko,t) is not present here indicating that the time scale 
for the a relaxation of collective pr:operties is longer than for 
single particle properties.7 

The plateau value for Gd (r,t), which is very similar at 
T= 350Kand T= 450K, differs from the initial valueg(r) 
only for the first neighbor shell (r < 5 A..). A similar behavior 
is observed for other atom pairs. Since the difference 
betweeng(r)and the plateau value is due to the combination 
ofthe short-time relaxation and theprelaxation, the present 
results are consistent with the usual description of the p 
relaxation as a localized process, involving the motion of a 
restricted number of atoms. 17 

The decay of Gd (r,t) to its plateau value at T = 450 K 
has been studied by monitoring the behavior of the differ­
ence [G d (r,t) - G d (r,t = 180 ps) ] for differenttimes t. Ac­
cording to mode-coupling theory, in the P relaxation regime, 

(10) 

where u(t) is a unit vector perpendicular to the molecular 
plane at time t. The choice of 8(t) as the relevant orienta­
tional coordinate implies treatment of the nitrate ion as a 
symmetric top. The appropriate distribution function 
GUJ,t) is defined as 

(1I2)sin 8 *G(8,t)d8 = dN(8,t), (11) 
N 

where dN(8,t)/N is the fraction of molecules with a tilting 
angle between 8 and 8 + d8 and G(8,t) is normalized to 1 
for a uniform distribution. For a symmetric top molecule, 
the function G(8,t) can be expanded as 

G(8,t) = L CL (t)Pdcos 8), (12) 
L 

where P L (x) is the L th order Legendre polynomial and 

Cdt) = (Pdcos 8(t) D. (13) 

In the case of diffusive reorientational motion 

(14) 

with 

1"L = 1"o/[L(L + 1)] (15) 

and (1/2)sin 8 G(8,t)-in analogy with the quantity 
rG. (r,t )-has a maximum which moves towards larger an­
gles as t increases. 

In the simulations, a slow diffusive motion of 8 is evi­
dent at high temperature [Fig 11 (a), 700 K], together with 
larger angular jumps which populate the region between 11"12 
and 11". As the temperature is decreased, angular diffusion 
slows down, and at 350 K [Fig. 11 (b)] reorientation occurs 
almost exclusively through jumps of amplitude close to 11". 

The different nature of the angular motion at the two tem­
peratures is illustrated in sample molecular trajectories 
shown in Fig. 12. These clearly reveal the freezing of diffu­
sion and the predominance of large amplitude jumps at 350 
K. An analysis of the motion of NO bond vectors at this 
temperature indicated that these jumps involve mainly rota­
tion about twofold axes. Jump motion about the threefold 
axis was also observed in the glass. However, this motion, 
which is independent of 8, was less prevalent and hence has 
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FlG. 11. The function 1/2 sin 8 G(8.t). (a) T= 700 K; t= 5 ps (full 
curve). 20 ps (dashed curve) and 40 ps (dotted curve). (b) T= 350 K; 
t = 20 ps (full curve), 100 ps (dashed curve) and 280 ps (dotted curve). 

not been considered further in the following discussion. 
A measure of the time scale of molecular reorientations 

can be obtained from the study of the relaxation of the coeffi­
cients C1 (t) and C2 (t) defined inEq. (13). The behavior of 
the latter, shown in Fig. 13, reveals the same three-step 
structure as found previously for Fs (ko,t) (Sec. III C). The 
a relaxation (long time) branches of the functions C 1 (t) and 
C2 (t) can be fitted to Kohlrausch form 

C1(t) =0.89 exp[ - (thl )o.61), 

(16) 

The corresponding rotational relaxation times 71 and 72 
are plotted in Fig. 14 as functions of temperature, together 
with the translational diffusion times of the N03- center of 

(a) (b) 
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FIG. 12. 8(t) trajectories for selected nitrate ions at (a) T = 700 K and (b) 
T = 350 K. These curves do not necessarily' provide a statistically represen­
tative sample. 
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FIG. 13. Temperature dependence of the orientational relaxation function 
C2 (t). The dashed lines indicate the fitted curves used to calculate the spec­
tra shown in Fig. 15 (see the text). 

mass obtained from the master curve analysis of F sa (ko,t) 
for nitrogen atoms. At 600 K and above, the predominance 
of large angular jumps is reflected in the value of the ratio 
71h2 which is close to 1, as predicted for this type of relax a­
tion,19 in contrast to the value of 3 associated with diffusive 
behavior; recall Eq. (15). As the temperature is lowered the 
most probable motion involves rotational jumps of about 11" 
radians. However, the relaxation of C2(t)-which is unaf­
fected by flips of 11"-slows down more rapidly than that of 
C1 (t) and hence the ratio 72hl tends to diverge. 

The susceptibility spectrum of C2 (t) has been calculat­
ed with the same smoothing and extrapolation procedure 
which was used previously for Fs (ko,t). The resulting sus­
ceptibility X~(liJ) is plotted in Fig. 15. As with the (transla­
tional) susceptibility shown in Fig. 9, X~ (liJ) displays a low­
frequency minimum which varies rapidly with temperature, 
and a shoulder at higher frequency. 
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FIG .. 14. Temperature dependence of characteristic times for nitrate ion 
translational (circles) and reorientational relaxation functions C, (t) (tri· 
angles) and C2 (t) (squares). The lowest temperature data points are sub­
ject to considerable numerieal uncertainty. 
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FIG. IS. Temperature dependence of the susceptibility xi' (w) = wC2 (w), 

derived from the functions C2 (t) shown in Fig. 13 (see the text). Curves 
from top to bottom refer to 700, 600,550, and 450 K, respectively. 

The rotational motion ofN03- ions has been investigat­
ed experimentally using conventional Raman scattering. 20 
Below the glass transition, the polarized and depolarized 
Raman lines of a totally symmetric intramolecular vibra­
tional band can be superimposed, within the experimental 
resolution, indicating that orientational relaxation in the 
glass is occurring on a time scale longer than about 100 ps. 
This finding is in agreement with the present simulation re­
sults discussed above. Recently, temperature dependent 
Brillouin scattering data have been interpreted to indicate 
that rotational and translational motions decouple near the 
glass transition. II However, our calculations do not seem to 
support this suggestion. More precisely, the apparent decou­
piing we observe between the relaxation times for CI (t) and 
C2 (t) can be explained by the existence of thermally activat­
ed flips of anion molecular planes. These flips persist at low 
temperature but in a first approximation should not affect 
the Brillouin intensities. An alternative interpretation, is 
that the broad central line observed in the Brillouin spec­
trum, and previously taken as an indication of relatively fast 
orientational relaxation,11 is actually related to the relaxa­
tion occurring at frequencies typical of the minimum in the 
susceptibility spectrum, i.e., the /3 relaxation and possibly 
even the beginning of the a relaxation. The time scale for the 
a relaxation is thought to be much longer for the long-wave­
length quantity measured in Brillouin scattering than for the 
shorter-wavelength quantity probed in neutron scattering 
experiments. Hence, the central line associated with a relax­
ation is likely too narrow to be resolved in the Brillouin ex­
periments. Unfortunately, techniques such as photon corre­
lation spectroscopy,21 which could probe the relevant time 
scales and reveal the nonexponential shape of the relaxation, 
have not, to our knowledge, been used on this system. 

VI. CONCLUSION 

Motivated mainly by the availability of extensive experi­
mental information, we have carried out a computer simula­
tion study on the effect of cooling and the approach to the 

glass transition in the fused salt [Ca(N03 )2]0.4 [KN03 ]0.6' 
Our goal has been to achieve a microscopic interpretation of 
the various relaxation processes that have been reported. To 
do so we have employed a reasonably realistic model for the 
interionic interactions which in tum has placed extensive 
demands on the computation time. Accordingly, the cooling 
rate employed in this study was relatively rapid and the time 
domain explored was far less extensive than in recent neu­
tron scattering experiments.4.6 Our main conclusion is a 
broad confirmation of the interpretation of the neutron re­
sults4

•
6 namely, that on the time scale of the simulations 

there exists a microscopic transition around 400 K. Detailed 
analysis of the dynamic structure factor Fs (ko,t) obtained 
from the molecular dynamics trajectories for Ca2 + ions, has 
demonstrated the existence of three relaxation regimes, two 
of them slowing down near the transition. Above the transi­
tion, the calculated a relaxation obeys a master curve of 
stretched exponential form; a finding that seems to be at 
odds with recent light scattering data.22 

The function Gs (r,t), which has recently been shown to 
be a valuable diagnostic of the glass transition,9 has been 
employed here also. The structural arrest associated with the 
glass transition is evident for Ca2 + ions but this is not the 
case for oxygen atoms. For the latter, the function Gs (r,t) 

exhibits a bimodal distribution that continues to relax even 
at the lowest temperature studied. This relaxation has been 
identified as due to the continued flipping of the N03- ions 
about their twofold axes. Such a motion had been invoked 
previously in order to interpret light scattering data from 
this system. 11.20 The nature of the orientational motion has 
been analyzed with the aid of the distribution function 
G(O,t), where OU) = cos- I {u(t)·u(O)} and u is a unit vec­
tor perpendicular to the molecular plane. We have estab­
lished that activated jump motion of the molecular planes 
occurs and that this motion is independent of the freezing of 
translation and rotational diffusion. Below the glass transi­
tion, flips of the molecular plane, i.e., jumps through 1T ra­
dians, predominate. The relaxation of the orientational cor­
relation function C2 (t) exhibits the same three-step 
structure on a similar time scale as Fs,N(ko,t), the density 
self-correlation function of nitrogen atoms. The analysis of 
the relaxation of C2 ( t) suggests a possible new interpretation 
of the central peak seen in the Brillouin spectrum. 

The collective dynamics of the system has been probed. 
In the glassy state, as in simpler model systems, G d (r,t) was 
found to differ from g(r) only at small distances. IS 
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