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As the first application of the isothermal-isobaric molecular dynamics technique to a system 
with Coulombic forces, the pressure-induced face-centered-cubic to body-centered-cubic 
transition of some alkali halides is studied assuming Born-Mayer-Huggins potentials between 
the ions. The long-range forces are handled by the cubic harmonic expansion of the Ewald 
summation. The property that any periodic boundary condition of orthorhombic symmetry 
can be uniformly treated in this expansion allows the independent fluctuation of each box 
length in the course of the simulation of the isobaric ensemble. This reduces stresses during 
phase transitions from one crystalline state to another and yields less defects. By the 
appropriate change in the external pressure, the fcc-bcc transition takes place reversibly only 
in the presence of a considerable amount of defects. Otherwise, quite large hysteresis is found. 
It i! sho~n that the [100], [010], and [001] directions ofthe original fcc lattice become the 
[~P], [101], and [111] directions in the bcc lattice, respectively. This confirms the 
Watanabe-Tokonami-Morimoto mechanism supported also by most of the experimental 
observations. 

I. INTRODUCTION 
The most simple and widely used algorithms of molecu

lar dynamics (MD) simulations are based on adiabatic 
(NVE) ensembles. These are convenient to study structural 
properties of equilibrium systems in which no phase transi
tions can take place except causing the system to become 
inhomogeneous in composition or density. On the other 
hand, since inhomogeneous systems are difficult to handle in 
the relatively small size of samples under periodic condi
tions, the molecular dynamics simulation of phase transi
tions was considerably handicapped as long as only adiabatic 
ensemble simulations were feasible due to the lack of the 
theoretical foundation of the canonical (NVT) and iso
baric-isothermal (NpT) technique. Although quasicanoni
cal ensembles can be simulated by occasional rescaling of 
velocities, the simulation is still an adiabatic one between 
two rescaling regimes of the algorithm. In principle, any exo
or endothermal transition should be studied by carrying out 
velocity rescaling in every time step, lest the lack of dissipa
tion or supply of heat would prevent transition state configu
rations to flip over to the next state. Similarly, transforma
tions via transition states requiring an appreciable change in 
volume would seldom take place in an adiabatic or canonical 
ensemble simulation within its usual time span. 

Although the (NpT) ensemble is, thus, the "natural" 
ensemble to study phase transitions, F and, the (NpT)-MD 
algorithm was outlined by Andersen,1 quite a number of pa
pers have been published partly as methodological improve
ments,2-11 and partly as applications to study the properties 
ofliquids, 12-16 it has been applied to phase transitions only in 
few cases and to simple systems, e.g., Lennard-Jones 

fluids. 17-
20 It was demonstrated in these papers that the 

freezing-melting transformations can be studied successful
ly by (NpT)-MD. Thus it can give detailed information on 
phase transitions on the molecular level. This seems to be 
one of its main advantages. At the same time, the method is 
limited to high rates in changing thermodynamic param
eters by limitations in computer costs. Yet this may some
times be an advantage because very high coolinglheating 
rates are unfeasible in experiments, and so this method is 
especially suited to study the conditions of crystallization vs 
glass formation. 

However, no phase transitions due to changes in crystal 
structure have been studied so far by isothermal-isobaric 
molecular dynamics, in spite of the fact that the considerable 
activation volume of such a transformation favors the appli
cation of this method. In order not to chose artificial models 
to a study of solid-solid phase transitions, the fcc-bcc 
(NaCI-type to CsCI-type) transformation of some alkali ha
lides were selected an examples. Namely, some face-centered 
cubic crystals, stable at room temperature and under normal 
pressure, can be transformed into a body-centered cubic one 
by increasing the pressure to a few kbars.21 Several experi
ments have been carried out on this kind of first-order transi
tions mainly on potassium and rubidium halides since its 
discovery by Slater22 and various mechanisms have been 
suggested.23-26 Theoretical investigations27 carried out so far 
are not decisive in favor of one of the mechanisms. Experi
ments could not get beyond diffraction studies on powders28 

which are not sufficient to prove or disprove the hypotheses. 
A study of this kind of phase transitions, however, 

would require to solve the problem of using long-range Cou-
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lombic forces under fluctuating scaling of position coordi
nates and distances. Therefore, an isothermal-isobaric MD 
code suited to handle long-range forces was first construct
ed. This is described in Sec. II. By adjusting the necessary 
external equilibrium pressure, we attempted to simulate the 
fcc-bcc transformation of RbBr in both directions with syn
chronous (Sec. III) and asynchronous fluctuating in the 
three dimensions of space (Sec. IV) in order to obtain infor
mation on the transition mechanism. Results on other alkali 
halides are summarized in Sec. V. 

II. THE SIMULATION METHOD 

The pair interactions in alkali halides were modeled by a 
Born-Mayer-Huggins type of potential with Fumi-Tosi pa
rameters29 

Cap Dap ------
r!p ~p 

(1) 

Since the Coulombic interactions decay slowly, at least this 
part of the pair potential must be corrected for pairs not 
directly considered in the simulation box. The usual Ewald 
summation cannot be trivially generalized to a simulation 
box fluctuating in length in each direction. The cubic har
monic expansion of the Ewald sum according to Adams and 
Dubey30 proved to be a convenient method. Its form is as 
follows: 

00 00 

¢(q) = l/q + I A2k C2k (q) + I A ;kC;dq), (2) 
k~! k~6 

where the coordinates are measured in units of the box 
length in the given direction and the constant multiplicator 
of the Coulomb potential is omitted. In this equation C and 
C' are terms of the complete orthogonal set of cubic harmon
ic functions of the form 

k 

C2k (q) = I C 2k,21 T2 (k _ /) (q) .q2l, 
l~ ! 

where 

(3) 

T
2
(k-l) (q) = X 2(k-l) + y2(k- /) + ~(k-l) (4) 

and the c's are constant coefficients. 
Adams and Dubey published optimizedA2k coefficients 

for various number of terms and different box shapes. How
ever, they tested the optimized coefficients by a Monte Carlo 
program/or the potential and not/or the/orces?O When we 
tried to adopt more than seven evenly numbered terms, the 
forces differed considerably from zero at the surface of the 
minimum image box which made the simulation unstable. 
We suspect some typing errors in the C2k,21 coefficients of 
their C;6' C;8' and C;o terms. Fortunately, the accuracy of 
the expansion up to the 14th term is satisfactory (errors are 
less than 1% of the average of the absolute values of the 
forces), if theA coefficients are optimized as given in Table I. 

It is an advantage of the cubic harmonic expansion that 
it is easily vectorizable and avoids Fourier transformation. 
Thus, it is mathematically more simple than the method sug
gested recently.3l 

TABLE I. Optimized coefficients for the cubic harmonic expansion of the 
Ewald sum. 

2k A2k 

2 2.943 
4 7.762 
6 21.83 
8 101.69 

10 308.56 
12 878.0 
)2' 1027.9 
14 34620 

A further, and even more important, advantage of the 
cubic harmonic expansion is that it can be easily generalized 
to a brick-shape simulation box instead of a cubic one. In this 
way the three box lengths can fluctuate independently which 
may be favorable in phase transitions in the course of which a 
temporary lowering of symmetry is preferred. For a box of 
orthorhomic symmetry, the Lagrangian of the system under 
(NpT) conditions is as follows!?: 

.y = J.. ~~ m.s'7L 2q'2. _ A,(L.q .. ) + J.. W~ i 2 
2 7"7- / J J U 'I' J U 2 7 J 

whereqij (i = 1, ... ,N;) = 1, ... ,D) is the coordinate of particle 
i relative to the box length in the jth direction of the D
dimensional space, rij the corresponding coordinate on the 
absolute distance scale, ¢ the potential energy of the parti
cles, Sj the scaling parameter for time (by which kinetic ener
gy and, thus, temperature is kept fluctuating around the val
ue set externally), L j the box length in direction}, m; the 
mass of particle i, g the number of degrees of freedom of the 
particles, p the external equilibrium pressure, k B the Boltz
mann constant, and T the equilibrium temperature required. 
The Newtonian equations of motion for this case are ob
tained from the Lagrangian in the usual way but taking into 
account that the equidistant time step of the simulation algo
rithm is compressed or dilated by the Sj parameter. Thus 

q .. = __ 1_. J¢ _ (Sj + 2ij)q 
/J m;Lj Jrij Sj L

j 
/J 

(6) 

for particle motions, while for the "acceleration" of heat 
transfer we have 

(7) 

The form of these equations is independent of dimensionali
ty and the shape of the simulation box which enters only via 
the equation of motion of the box length (the imaginary 
pistons pressing the system) 

.. s· [N ( J¢)] is L.=_J_ ~ mL 2 ;..2.-r .. _ -pV +~ 
J U7L L / J '1 ij U J ' 

n"j ;~l rij Sj 

(8) 

where 
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(9) 

is the volume of the simulation box. The two parameters Q 
and Ware the fictitious masses regulating the frequency of 
the fluctuations in temperature and pressure. According to 
our experience stable runs can be achieved by setting them in 
the order of magnitude of 10-21 and 10-25 kg, respectively, 
in agreement with Ref. 17 [notice, however, that in Eq. (8) 
W replaces the original WV factor]. 

It is to be emphasized that the essential difference from 
the original Andersen algorithm is that the fluctuation of one 
box length is not coupled directly to the others (except by the 
p V term)-similarly to the Parinello-Rahman procedure,4b 
just as the kinetic energy scaling in a direction is independent 
from the others (except the terms containing the desired tem
perature T)-unlike the procedures of Parinello and Rah
man. In its physical meaning this makes the simulation more 
realistic than that of the original algorithm, since neither the 
linear expansion nor the velocity of the particles is restricted 
by some artificial synchronization. With the purpose of com
parison, some of our simulations were performed by a syn
chronous fluctuation of the box lengths according to the 
original algorithm, but most runs were made allowing brick
shape fluctuations. 

It is worth mentioning here in passing that, in addition 
to their easy vectorizability, the cubic harmonics are suitable 
to generalize the "Ewald summation" to any inverse power 
potential by differentiating the expansion in Eq. (2) as many 
times as necessary to obtain (n - l)!q - n in the leading 
term. This series can be used, after a division by (n - I)!, as 
the t''f ~ansion of the q - n potential. Although the fast decay 
on .g1,ler order inverse power potentials makes it practically 
unne; ~ssary in most simulations, these generalizations are 
equivalent to other methods like that of "shifted forces. ,,32 

Accord'ng to our tests with 108 Rb+ and 108 Br- ions, 
however, the cutoff error of the non-Coulombic inverse pow
er terms of the Fumi-Tosi potentials was smaller than the 
small ripples left by the finite-length cubic harmonic expan
sion. Thus, we used simple minimum image calculations for 
them. 

Our simulations were started from regular lattices with 
each particle in the local potential energy minimum. Initial 
velocities were distributed at random according to a Max
well distribution so that the box, as a whole, neither translat
ed nor rotated. Then the first four steps of the simulation 
were started by solving the equations of motions by the 
Runge-Kutta method which produced the necessary "his
tory" of the variables needed for the four-point predictor
corrector routine.33 

As seen in Eq. (8), the box lengths are controlled by the 
difference between the kinetic energy on one hand and the 
sum of the virial and the p V term on the other. In case of 
crystalline samples the virial is calculated with some error 
due to the artificial cancellation of long-range forces at the 
surface of the minimum image box around each particle. 
This error is imposed on the system by the conflicting neces
sities of having periodic boundary conditions and forces 
summed up to infinity. Therefore, both the virial and the 

volume fluctuation controlled by this is more or less errone
ous. 

For monitoring the changes in local symmetry we used 
the rotational invariants of the spherical harmonics, or as 
they are sometimes called, the bond orientational order pa
rameters. They are defined as follows34

-
36

: 

QI = {2t: 1 mt- I (Ylm [8(r),rp(r) ])2} 112, (10) 

where 8(r) and rp(r) are the polar angles of a vector r 
(bond) pointing from a given particle to one of its neighbors 
within a cutoff sphere or selected by some other criterion, 
Ylm is a spherical harmonic function, and the average of the 
latter is taken over all bonds. The QI'S characterize the co
sine distribution of angles between pairs of bond vectors in 
all possible combinations. Thus, they give information on 
the angular correlations within the whole sample as a space 
group. In this paper we use them in a renormalized form as 
suggested in Ref. 34. 

Recently it was shown that odd-l invariants can also be 
very useful in characterizing a network of bond vectors if 
there are different kinds of particles in the system and so the 
direction of the bond can be distinguished from its opposite 
one. 35

•
37 In the case of a lattice with cubic symmetry, there 

are many antiparallel bonds which makes the odd-l Q/ 's can
cel. If such a lattice melts, the odd-l invariants assume a 
finite value as an indication of the loss of correlations within 
the space group (while some correlations within point 
groups may still persist). This property would be suitable to 
distinguish unanimously even temporary increase of disor
der such as transitory melting. 

III. POLYMORPHIC PHASE TRANSITION IN RUBIDIUM 
BROMIDE UNDER SYNCHRONOUS FLUCTUATIONS OF 
BOX LENGTHS 

Experimentalists report that potassium and rubidium 
chlorides, bromides, and iodides transform from NaCl-type 
face-centered cubic to a CsCl-type body-centered cubic crys
tals by an audible click when put under a few kbars of hydro
static pressure. 23

-
26 The coordination number of oppositely 

charged ions changes from 6 to 8, respectively, which makes 
the bcc structure more preferred at higher pressures due to 
its closer packing. The same transformation has not been 
observed for Li halides. N aCl can be forced to change crystal 
form only at much higher pressure ( - 300 kbars). 38 

In order to get more insight into these transitions, we 
first started a simulation of RbBr from an fcc lattice of 216 
particles with an unusually small time step of 1 fs to get 
frequent snapshots of the configurations. The history in tem
perature, cubic box length, and some significant QI param
eters are seen in Fig. 1. A sequence of pair correlation func
tions is given in Fig. 2. By the latter, more conventional, set 
of information it is revealed that the peaks following the 
distance relationships of the fcc structure (labeled by arrows 
"F") disappear gradually, whereas peaks of the bcc distance 
sequence ("B") appear simultaneously. The same informa
tion is provided by the orientational order parameters: 
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FIG. 1. History of the (NpT)-MD simulation of the fcc-bee transforma
tion ofRbBr. Time is counted from the onset ofthe high pressure (at the end 
of an isothermal-isobaric regime). The upper two curves show the tempera
ture fiuctuations around 623 K set externally and changes in box length, 
respectively. The Q/ order parameters are shown for 1= 4, 6, and 8 (from 
bottom upwards) and for bonds between the first unlike neighbors (dashed 
curves) and between first like ones (full curves). On the left- and right-hand 
side horizontal bars represent the Q/ values corresponding to a regular fcc 
lattice. Similar bars show those of the bee lattice after the 15th ps. Transfor
mation occurs between 2 and 4 ps as the sudden changes of the Q/ indicate. 
Note that unlike-neighbor Q/s approach their bee value faster than like
neighbor Q/s which do it only after considerable annealing (at 14-15 ps). 
Gradually decreasing the pressure to atmospheric within 2 ps reestablished 
the fcc structure (see the right-hand side of the graphs). 

Those characters tic of the fcc angular correlation transform 
gradually into those of the bcc structure. 

The set of configurations before and after the phase 
transition can be used to get decisive information on the de
tailed mechanism of the transformation. In order to deter
mine the orientation ofthe crystal with respect to the simula
tion box, we projected all particles onto the box planes, xy, 
XZ, and yz, and calculated the density maps shown in Figs. 3-
5. Cations and anions are mapped separately not to make the 
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FIG. 2. Variation of 
pair correlation func
tions in the course of 
the fcc-bec transition. 
The sequence of the 
curves from top to bot
tom in each group cor
responds to averages 
taken in periods prior to 
onset of pressure, 
between 0 to 2, 2 to 4, 
and 13 to 15 ps (after 
the onset of pressure). 
Arrows labeled by F 
and B point to distances 
expected in a regular 
fcc or bee lattice, re
spectively, if the shor
tening of distances due 
to shrinkage during the 
transformation is ac
counted for. 

graphs too dense. The distinction of their eventual shift with 
respect to one another is assisted by the polygons drawn 
inside the frames (a square in the fcc case and other polygons 
characteristic of the different orientations of the bcc lattice). 

The simulation was started from a lattice with the· 
( 1(0), (010), and (00 I ) directions parallel to the axes ofthe 
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FIG. 3. Density map of the frequency of yz coordinates of the fcc lattice before the onset of pressure (left-hand side: Rb+, right-hand side: Br-). 

simulation box. In Fig. 3 the projections in only one of the 
spatial directions are shown. Others are very similar to 
those. The patterns indicate that after the equilibrium runs 
and the (NpT) regime immediately before the phase transi
tion the orientations were well preserved. The anion and ca
tion spots coincide completely, i.e., there does not seem to be 
a significant tilt towards any direction. 

The projections in the x direction shown in Fig. 4 were 
obtained on configurations between 4 and 6 ps, immmediate
ly after the sudden change in structure. Although disorder is 
appreciable, a distorted lattice-like order is obvious. 

Figure 5 shows the projections in "annealed" configura
tions between 13 and 15 ps ofthe history. It is obvious from 
Fig. 5 (c) that the yz plane is perpendicular to the (111) 
direction of a bcc lattice, since one can see the spots arranged 
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0.6 0.6 

0.5 0.5 

NO.4 NO.4 

0.3 0.3 
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0.1 0.1 

0.0 0.0 

in a hexagonal symmetry which is the result of the projection 
of the vertices of a cube along the three-fold axis. The cations 
and anions are projected to coinciding positions onto the xy 
plane. By the distance relationship in x and y direction, and 
by the requirement that this direction must be perpendicular 
to ( 111 ), one can conclude that Fig. 5 (a) is the projection in 
direction (HI). Consequently, Fig. 5 (b) must be the projec
tion in direction (101). 

The projections in this latter direction show the highest 
disorder due to the existence of quite a number of empty 
channels which, as a matter offact, is accompanied by sever
al interstitials indicated by the large differences in the line 
densities of the spots corresponding to occupation densities. 
In a perfect transformation, each spot in the fcc projection in 
Fig. 3 should have been split up into two of equal density in 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 \.0 

V 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Y 

FIG. 4. Density map of the frequency ofyz coordinates of the lattice between 4 to 6 ps after the onset of pressure (left-hand side: Rb +, right-hand side: Br-). 
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FIG. 5. Density of the frequency of (a) xy, (b) xz, and (c) yz coordinates of the bec lattice between 13 to 15 ps after the onset of pressure (left-hand side: Rb + , 
right-hand side: Br-). 
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the (101) bcc direction. Instead, some lines of ions corre
sponding to the spots moved to their new position without 
splitting up, whereas some lines were left empty. As a result, 
the bcc lattice contains a high density of defects. 

The orientational relationships revealed by these figures 
confirm the mechanism suggested by Watanabe, Tokonami, 
and Morimot026 and disprove that of Buerger.24 

In order to visualize the mechanism of the transition, we 
selected three clusters within the cutoff sphere around a 
Rb+ whose individual Q/ values were closest to the Q/ aver-
ages of all clusters, and followed the change of their coordi-
nates during the transition. Of these, three snapshots are 
shown in Fig. 6. 

.... 1 
.... 1 

.... f 

171 

The slightly distorted octahedron of bromide ions Nos. 132 
:'f 

\ \ // 

'V 150 156,135, 153, 152, 171, and 150 is approached by 138 and 
132 from the direction normal to the triangular faces of the 
octahedron. As a result, the straight line of 156-Rb-150 is 
tilted to make room for the incoming particles. Finally, 138 
becomes part of the cubic coordination sphere, whereas, in
cidentally, 132 moves away and 173 joins the cluster from an 
equivalent position of the other side. 

With the configurations at hand we could also attempt 
to analyze some aspects ofthe lattice dynamics related to this 
transformation. Although the number of configurations 
available for the transition state itself is limited by the nature 
of the process, we used three sets to calculate the velocity 
autocorrelation functions and the diffusion coefficients as 
their integral. Diffusion coefficient prior to and after the 
transformation are in the order of magnitude of 10-8 cm2/s 
while they increase to 10-5 on average over the 2-4 ps range 
involving the transformation. This indicates considerable 
displacements during the polymorphic transition. 

The reverse transformation was simulated by starting 
from the end configuration of the fcc-bcc transition and 
from a regular bcc lattice. In the former case, the decrease of 
pressure is accompanied by the transition to an fcc lattice 
with the same orientation as that at the very beginning of the 
simulation. The projection patterns cannot be distinguished 
from those in Fig. 3. However, starting from a regular bcc 
lattice, which underwent an equilibration at 623 K and un
der high pressure, the release of pressure in the same way as 
in the former case produced a glassy state. Thus, it seems 
that the defects play the role of some "memory" facilitating 
the reversible transition. 

IV. POLYMORPHIC PHASE TRANSITION OF RUBIDIUM 
BROMIDE UNDER ASYNCHRONOUS FLUCTUATION OF 
BOX LENGTHS 

The fcc-bcc transition of RbBr was also studied by let
ting the box lengths and the instantaneous temperature fluc
tuate independently in the three spatial directions. This time, 
however, the change of pressure was not instantaneous but 
gradual (with a rate of8.3 X lOIS bar S-I) in order to obtain 
the minimum pressure at which the transformation takes 
place. 

A part of the history of a run with 216 ions is shown in 
Fig. 7. It is seen that the three box lengths have to change 
differently during the transformation: The crystal shrinks in 
one direction while expands in the other two, though not to 

171 

FIG. 6. Snap shots taken of a cluster, having Q, values close to the average 
over all clusters, 2.4, 3.1, and 4.0 ps after the onset of high pressure (from 
top to bottom). The numbers indicate bromide ions. 

the same extent. The transition occurs at around 230 kbars 
which is about 46 times the experimental value. This rela
tively large error originates from the error of the virial and 
can be decreased by increasing sample size as will be dis
cussed below. 

The changes in the box dimensions can be explained by 
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FIG. 7. History of the fcc-bee polymorphic transition ofRbBr under asyn
chronous fluctuations of box lengths (N = 216, T= 623 K), Here all Q/s 
are shown for 1 = I to 10. It is seen that the odd-l order parameters do not 
increase (not even temporarily) in the transition region. This indicates no 
transitory melting. On the right-hand side horizontal bars indicate the Qf 
values corresponding to regular bcc lattice. 

the requirements of the displacements of crystal layers ac
cording to the Watanabe-Tokonami-Morimoto mechanism 
shown in Fig, 8,28 The sublattice of a given charge type must 
move-in a highly collective way-half of an elementary cell 
length to the [110] direction in order to get eight oppositely 
charged neighbors instead of six, At the same time, the lat
tice must be expanded in direction roT 1] which, accompa
nied by an overall decrease in volume, resulted by closer 
packing, gives less expansion in these directions but more 
shrinkage in the other, 

In Fig, 7 the history of local symmetry is also shown in 
terms of the changes of order parameters Q, for 1= 1 to 10, It 
is seen that the changes are synchronous with those in box 
length and volume, and take place within about 2 ps, On the 
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FIG. 8. Schematic representation of the mechanism of NaCI-type (a) to 
CsCI-type (b) transition, 

one hand, this is a considerably faster transformation than 
the one obtained with synchronous fluctuation of box 
lengths, on the other, the transition leads smoothly to Q, 
values practically identical with those of the regular bcc lat
tice, 

At the same time the odd-I order parameters remain 
close to zero throughout the simulation indicating not even a 
temporary increase of nonlattice-like disorder, On the basis of 
this it can be concluded that the synchronous fluctuation of 
box dimensions facilitates the polymorphic transition and 
yields less defects, 

Figure 9 supports this latter conclusion by showing very 
high regularity in both the [111] and [HI] directions while 
in the [ 101] only a few distortions remained after exactly the 
same annealing time as that leaving so many defects in the 
sample shown in Fig, 5, 

It is interesting that the remaining defects in the latter 
direction seem to be dislocations arranged in such a way that 
some planes form a > -shaped structure indicated in Fig, 
9(a), 

This simulation was repeated with 64, 432, and 512 ions 
in several runs in order to study the effect of sample size and 
shape (the 432 sample was a square column made of two 
216-atom boxes repeated in the z direction), Figure 10 shows 
the dependence of transformation pressure as a function of 
N -1/3, The extrapolation of these data to an infinite system 
is not in contradiction with the experimental value Ptr ~ 5 
kbar, Yet the systematic error in pressure calculation is so 
large that the simulation has no predictive power in this as
pect 

Several attempts have been made to simulate the reverse 
transformation, viz" the bcc-fcc transition under indepen
dently fluctuating box dimensions, Runs were started from 
regular bcc lattices equilibrated at T = 623 K under a pres
sure of 332 kbar as well as from configurations obtained in 
previous fcc-bcc transitions, A decrease of pressure at a rate 
from 8,3 X 1014 to 8,3 X 1016 bar s -I always produced a 
glassy state whose g(r)s were identical with those obtained 
by cooling the melt to the same temperature,39 Even this 
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[lOT] 

[ l11J 

transition was at about 4. 1 kbar which indicates a large hys
teresis. 

Although limitations in computer time do not allow 
considerably lower rates in pressure reduction and, thus, this 
phenomenon may be an artifact of the simulation technique 
itself, it is tempting to assume on the ground of these unsuc-

[itT] 

FIG. 9. Density map of the frequency of (a) xy, (b) XZ, and (c) yzcoordi
nates of the bee lattice of RbBr taken over a period of 20 ps immediately 
after the completion of the transition in Fig. 7 (upper maps: Br-, lower 
maps: Rb + distributions). 

cessful attempts that the phase diagram is qualitatively simi
lar to Fig. 11, and that increasing pressure at 623 K would 
take the system out of the region where instability criteria do 
not prevent glass formation to a region where only the bcc 
crystal is stable. The reverse route, then, moves the system 
through a glass transition instead of a transition to the fcc 
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FIG. 10. Extrapolation of the pressure of transformation (p,,) to infinite 
system. 

form. The latter, it seems, can be obtained only in systems 
containing as many defects as those in the sample discussed 
in Sec. III. 

V. STUDIES ON OTHER ALKALI HALIDES 

Table II summarizes the thermodynamic data calculat
ed in (NpT)-MD simulations of some other alkali halide 
crystals. Comparison with some experimental results show 
that both molar volume and internal energy data are in very 
good agreement with experiments. The same is true for iso
baric molar heat capacity data which are, as a matter of 

p 

bee 

liquid 

fee 

gas 

v 
FIG. II. Schematic phase diagram of an alkali halide. Starting from a regu
lar lattice in point I and increasing the pressure to point II would take the 
system through a solid-to-solid phase transition. However, lowering the 
pressure from II would result in a glass transition. 

course, more sensitive to errors originating from the ap
proximate nature of pair potentials since they come from 
fluctuations. Knowing the systematic error in calculating 
the pressure due to errors in the virial, it is rather surprising 
that the isothermal compressibility data are not even worse 
than those in Table II . 

The pressures of the fcc-bcc transformation are listed in 
Table III. No such transformation could be observed for 
LiCI in which the ratio of ionic radii seems to prefer the fcc 
structure even at very high pressures. Further increase of 
pressure resulted in such large fluctuations that the simula
tion became instable. 

Although the pressure of transformation involves sys
tematic error due to size effects, their sequence in the NaCI
KCI-RbBr series corresponds to what would be expected by 
simple packing rules based on the ratio of cationic and an
ionic radii. There is also a size effect in the volume at the 
transition pressure relative to that under atmospheric pres
sure. This seems to be a result of larger hysteresis in smaller 
simulation boxes. Again, extrapolation to infinite system 
size yields volume shrinkage not in contradiction with ex
perimental data (about 15%).28 

VI. CONCLUSIONS 

Our study can be summarized from methodological and 
physical points of view: 

The (NpT)-MD simulation technique has been ex
tended to Coulombic systems in which both the generaliza
tion to brick-shape simulation box as well as the computa
tionally advantageous cubic harmonic expansion of the 
Ewald summation is conveniently applied. By isothermal
isobaric molecular dynamics, the properties and transforma
tions of many-particle systems can be studied under more 
realistic thermodynamic conditions if fluctuations in both 
kinetic energy and volume are allowed to be independent in 
the three directions of space. It is also a methodological re
sult that the orientational order parameters (rotational in
variant of spherical harmonics-including odd-/ ones-of 
"bonds" between neighboring particles) proved to be very 
sensitive indicators of structural changes. 

The method has been applied to study polymorphic 
phase transitions in alkali halide crystals. The simulation of 
the fcc-bcc transition of NaF, NaCI, KCI, and RbBr reveal 
details in the molecular mechanism of the geometrical 
changes of configurations. The transformation takes place 
throughout in crystalline phase with not even a temporary 
appearance of a liquid-like disorder. This means that the 
atomic motions are very collective in nature and there is a 
real possibility of sliding complete crystal planes to their new 
positions. 

Details of orientational relations between crystal faces 
prior to and after the transformation proves the Watanabe
Tokonami-Morimoto hypothesis according to which the 
[100], [010], and [001] directions of the NaCI-type lattice 
become the [H 1], [10 T], and [111] directions in the CsCI
type one. 
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TABLE II. Comparison of calculated and experimental data at I bar for some crystalline alkali halides. 

Von (cm3
) - (Um)(kJmol-') 

Salt N calc. expt. calc. expt.a 

LiCI 216 21.6 ± 0.5' 20.50" 811.9 ± 2.2' 829.0 
NaF 216 13.7 ± 0.4' 16.42c 875.5 ± 2.3' 
NaCI 216 28.8 ± 0.3' 27.0" 739.1 ± 1.5' 765.0 
KCI 216 39.4 ± 0.4' 38.76' 671.5 ± 1.5' 688.0 
RbBr 64 50.2 ± 0.7' 51.7c 620.8 ± 3.0' 641.6 

216 51.3 ± 0.6' 622.7 ± 1.5' 
432 50.6± 0.4' 622.4 ± 0.8' 
512 50.7 ±0.3f 623.4 ± 0.7f 

512 50.8 ± 0.3' 622.0 ±0.8' 
512 53.7 ± 0.5; 53.7h 600.9 ± 1.5; 

Cmp(Jmol-' K-') KT(Mbar-') 

Salt N calc. expt. calc. expt. 

LiCl 216 49.9' 54.9b 23.4' 3.34' 
NaF 216 60.6' 46.8' 20.6' 2.23d 

NaCI 216 50.0' 51.3' 7.2' 4.52' 
KCI 216 46.2' 5l.3c 9.9' 5.2c 
RbBr 64 66.7' 52.9c 9.4' 7.94c 

216 45.7' 12.78 
432 49.28 9.28 
512 55.8f 1O.9f 

512 46.9' 7.0' 
512 53.0; ll.8; 

• T=OK. f T= 598 K . 
b T= 293 K. ' T= 623 K. 
c T= 298 K. h T= 990 K. 
d T=3OOK. ; T=998K. 
e T= 5OOK. 

Simulations of the reverse transition were successful 
only if there were many defects in the bcc crystal. Perfect bcc 
crystals, in contrast, underwent a transition to a glassy state 
at pressures much lower than that required to the forward 
transition. Since this observation may be an artifact due to 
the inherently fast rate of pressure changes in simulations, 
the reversibility of these polymorphic transitions needs 
further methodological studies. 
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