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Molecular-dynamics calculations have been used to investigate the nature of critical
fluctuations in the paraelectric phase of NaNO,, Although the (NO,) " anions are found to
reorient rapidly, predominantly about the crystal ¢ axis, the simulation reveals the ex-
istence of long-lived fluctuations of antiferroelectric character. The reorientational mo-
tion is found to couple to optic rather than acoustic modes, in agreement with a recent
theoretical prediction,

PACS numbers: 64.70.Kb, 61.50.Ks, 63.70.+k

We present the main results of a molecular-
dynamics (MD) simulation of the paraelectric
phase of NaNO, which was carried out in order to
cast light on the nature of the various collective
modes that exist in this orientationally disordered
crystal.! At the same time we have examined the
reorientation mechanism of the (NO,)” anions and
also studied the coupling of this reorientation to
the translational motions.? Our principal finding
is that even though the individual anions reorient
rather frequently, long-lived (quasistatic) anti-
ferroelectric correlations persist in the paraelec-
tric phase. We suggest that it is these correla-
tions that are responsible for the critical scatter-
ing observed in neutron experiments.®'*

Under normal pressure NaNO, has an ortho-
rhombic structure and, for an ionic material, a
low melting point (281 °C). The room-tempera-
ture phase is ferroelectric with the dipole mo-
ments of the anions aligned along the crystallo-
graphic b direction. When heated above about
164 °C it becomes paraelectric, the dipoles being
disordered with respect to the b axis. The tran-
sition from a ferroelectric to a paraelectric
phase goes via an intermediate phase (that exists
for only 1.5 °C) in which the dipole moments of
the anions are sinusoidally modulated along the a
direction, with an incommensurate wave vector.!'®
The phase transitions are not accompanied by
any anomaly in the acoustic branches of the pho-
non spectrum.?:*

In the high-temperature paraelectric phase,
which is our concern here, quasielastic scatter-
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ing from critical fluctuations was found to persist
to temperatures well above the transition from
the intermediate phase.’** Moreover, the energy
distribution of neutrons scattered from these
fluctuations implied that they were long lived, the
estimated relaxation time at 200 °C being of the
order of 50 ps and at lower temperatures consid-
erably longer than this.?

Recent theoretical work on NaNO, has focused
on the theory of the incommensurate structure®
and the coupled dynamics of translations and rota-
tions in the paraelectric phase.? No discussion
or acceptible explanation has yet been offered for
the origin of the critical scattering.’*

Our MD calculation employed an orthorhombic
cell (4aX4b x4c), periodic boundary conditions
being used to simulate the infinite crystal. Rigid
(NO,)" ions were initially confined to the &c¢ crys-
tal planes with dipole moments randomly oriented
along the b direction. I we label the (z,b,c)
directions (v,y,z), our system consisted of eight
y2 sheets each containing sixteen anions. The
state condition employed in the MD calculation
(T ~ 218 °C) and the system size were dictated in
part by the observation® that the wavelength of the
critical fluctuations is about 4a at 204 °C. The
short-range interactions between the ions were
represented by Born-Meyer potentials constructed
from parameters in the literature and the charge
distribution of (NO,)" was modeled by fractional
charges placed on N and O atoms® guch that the
total charge was —|e|. The calculation of the en-
ergies and forces was handled by an Ewald meth-
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od and a time step of 3X10™!® s was used to inte-
grate the equations of motion. Our use of classi-
cal mechanics is justified because even the optic
modes are thermally excited in the paraelectric
phase. After a suitable period of equilibration,
the data from 2000 time steps was saved for later
exploitation. The length of our calculation im-
plies that phenomena that occur with relaxation
times greater than about 3 ps will appear to be
quasistatic.

We first consider recent theoretical predictions
concerning the motion of the nitrite ions.? By ex-
amination of individual ions over the course of the
simulation we have established that (NO,)” ions
reorient predominantly about the ¢ axis, the
mean reorientation time being about 1.2 ps. How-
ever, this is nof an exclusive mechanism; occa-
sional flips about the ¢ axis have also been ob-
served.

We have examined the collective (phonon) modes
via the usual time correlation function appro-
priate to neutron scattering, F(Q,¢) where Q is
the momentum transfer.” Figure 1 shows typical
examples of longitudinal acoustic (LA) and trans-
verse acoustic (TA) phonons that are propagating
in our system. The frequencies deduced from
the periodic oscillations are in good agreement
with the available neutron data®* and hence give
support to the validity of our model. There is no
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FIG. 1. The intermediate scattering function AQ, ¢)
for selected LA and TA phonons propagating in the para-
electric phase of NaNO,., The components of Q are
given in parentheses in units of 27/4a, 27/4b, and 27/
4c, respectively, and the subscript 4 indicates that in
the evaluation of F(Q, #) each atom was weighted by its
coherent scattering length (Ref. 7).
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evidence of these longer-wavelength phonons
being shifted to anomalously low frequencies by
the effect of translation-rotation coupling, as
seen for example in cyanide crystals.® The long-
wavelength TA mode propagating along the a axis
(not shown in Fig. 1) also behaves normally as
found in a recent experiment.®? On the other hand,
the longitudinal optic (LO) and transverse optic
(TO) modes obtained by autocorrelation of the po-
sitions of the centers of mass (see Fig. 2) reveal
high-frequency oscillations superimposed on a
slower periodic variation that is comparable to
the mean reorientation time. Hence it is the optic
modes that couple to the reorientation of the
(NO,)” anions. This finding confirms a recent
theoretical prediction.?

We now turn to a discussion of fluctuations in
the crystal polarization. Anticipating our results
we focus only on the spatial variations in the a
direction. Let the component of the dipole mo-
ment of anion j along the b axis be u, ¥ (¥,t),
where x¥ is the mean position of the yz sheet that
contains j. The normalized dipole moment of this
sheet at time ¢ is thenm ,(x,t) =2 ;. (¥,t)/16,
and the mean dipole moment of the whole crystal
isM,=2;,(m ;))/8, where the brackets indi-
cate an average over the MD run. The fact that
within our statistical uncertainty we find M, =0
(as well as the analogous quantities M, and M)
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FIG. 2. As for Fig. 1 but for optic phonons. The sub-
script 0 indicates that in evaluating F(Q, #) only the mo-
tion of the centers of mass was considered, the scatter-
ing length for the cations (anions) being given the value
+1 (=1).
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FIG. 3. Autocorrelation function of the sheet dipoles,
S(k,,t). The curves have been normalized to the same
value at £ =0. Only when % =n/a is the behavior quasi-
static (see text). Inset: The variation of S (%,,0) with
k

x°

confirms that we have simulated a paraelectric
crystal.

The dynamic critical fluctuations are described
by a time correlation function, for the dipole mo-
ments of the yz sheets, of the form

S, ,t) =(m (ky,tIm (=E,,0)),

where %, is the appropriate wave vector in the a
direction and

my(kx,t) =Eim y(ﬁ?i ;t)eXp(— Z.kxj?i)~

The Fourier transform S(k,,w) will be related to
the quantity measured in a neutron scattering ex-
periment.

We have evaluated S(%,,¢) for values of %, con-
sistent with our system size and the periodic
boundary conditions. For k, =0 and 7/2a there is
a fairly rapid decay (see Fig. 3) but for 2, =7/a
we observe a much slower decay modulated at a
period corresponding roughly to the mean re-
orientation time. The mean dipole moment of
each sheet ¢n,(x)) is shown in Fig. 4. One sees
that our results are indeed consistent with a
sinusoidal (antiferroelectric) variation of the
sheet dipole moments in the a direction with a
wavelength of 2a. By extrapolation of the results
of Ref. 4, we estimate that the wavelength of the
critial fluctuations seen in the experiments would

be about 3a at the temperature of our calculations.

We have verified that this is the most significant

+02
/\

FIG. 4. Variation of the sheet dipole moment ¢ny )}
in the q direction (see text). The solid line, which has
a wavelength of 2g, is drawn as a guide to the eye. The
error bars indicate the effect of averaging over half
the MD data,

order present in our simulations; for example,
the amplitude of the spatial variations in ¢ (x))
are about 4 times smaller than ¢z ,(x)) and hence
are probably not statistically significant.

In summary, we find that in our model individu-
al anions are reorienting frequently (10-20 times
each) during the course of our simulation. None-
theless, there is a persisting (quasistatic) order
along the a direction associated with the dipole
moments of sheets of ions perpendicular to the
a axis. The lifetime (Fig. 3) is certainly greater
than the length of our simulation (3 ps). The
quasistatic order that we observe (Fig. 3, inset,
and Fig. 4) is best described as antiferroelectric
order having a wavelength of twice the spacing
in the a direction. It would be of interest to see
if our predictions concerning the reorientation
times, the nature of the coupled optic modes,
and the antiferroelectric order can be confirmed
by experiments.
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The molar volumes of ammonia solid I and solid II were measured from 0.5 to 14.0
kbar and 185 to 320 K. Over regions that extend 3 kbar and 20 K into the solid phases,
variations in compressibility and thermal expansion can be described by power laws with
exponents similar to those usually associated with critical transitions. It is suggested
that breaking of hydrogen bonds may account for the extreme softening of solid ammonia.

PACS numbers: 64.30.+t, 64.70.Dv, 64.70.Kb, 65.70.+y

Just before melting, many elements and com-
pounds exhibit unusual behavior' marked by large
increases in the isothermal compressibility,?
=~V Y9V /op);, and in the isobaric thermal ex-
pansion?® a, =V~(d8V /8T), ; large decreases in
the frequency of low-lying phonon-libron modes®;
and the vanishing of certain elastic constants.” 8
These abnormal effects lead a priovi to various
kinds of instability in the solid.® We report here
volumetric measurements that show that solid
ammonia undergoes a dramatic softening on ap-
proach to melting. In the homogeneous solid
phase, k; and a, follow power laws indicative of
a A-type transition. We suggest that the wide
range in p and T over which this behavior is ob-
served makes ammonia an ideal subject for study
of the anomalous effects that precede melting.
Detailed knowledge about solid NH, is also needed
to interpret data relating to planetary atmos-
pheres.° .

We used a piston-cylinder apparatus, designed
for condensed gases,!’ to measure the p-V-T
properties of 99.99% pure ammonia from about
185 to 320 K and 0.5 to 14.0 kbar. The phase di-
agram of condensed NH,, along with experimental
details, are given elsewhere.'? Briefly, we found
that the melting curve has two branches, as im-
plied by the work of Vereshchagin and Voronov'?
and Hanson and Jordan.’* The lower branch,
bounding solid I, is given by

pn(1)=5.886 [(T,, /T 4oq1 )220 -1], (1a)

1200

and the upper one, bounding solid II, is given by
D (M)=11,156 [(T,, /T 1111 )**** — 1]+ 3.070,
(1b)

where p , (I,1II) is the melting pressure in kilobars,
T, is the melting temperature in kelvins, Tgo1-1
=195.48 K is the gas-liquid—-solid I triple-point
temperature,'® and Ti.;.;; =217.34 K is the liquid—
solid I-solid II triple-point temperature. The

two curves intersect at p,, (I,II)= 3.070 kbar, from
which point a solid I-solid II transition line rises
steeply in the p-T plane. We assume that am-
monia solid I has a simple-cubic structure similar
to that found in x-ray® and neutron-diffraction'’
studies made more than 20 K below T,.;.; at 1
bar. Solid II is thought to be face-centered cubic

from preliminary x-ray measurements carried

out in a diamond cell at room temperature.®

The molar volume of solid I was measured along
five isotherms and three isobars to a distance of
about 3 kbar and 20 K, respectively, from the
melting curve, giving a total of 140 data points.
For solid II we obtained 460 points along fourteen
isotherms and seven isobars out to about the
same distance from the melting line.

Several typical isotherms are shown in Fig. 1,
where the upper experimental points represent
liquid volumes V; and the lower points represent
solid-II volumes V (II). As the melting curve is
approached from the solid side, V(II) undergoes
a progressive enhancement that begins more than
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