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Phonon Softening and Lattice Melting at the Ferroelastic Phase Transition inNa2CO3
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We present the results of a detailed inelastic neutron scattering study of the dynamics of the
ferroelastic phase transition in Na2CO3. The driving instability is a transverse acoustic mode that
softens over a plane of wave vectors, resulting in a continuous loss of long-range order, in accord with
theoretical predictions. AtTc a wide distribution of excitations is observed in the plane of critical
wave vectors, similar to the dynamics of a liquid. Perpendicular to this plane the system possesses
one-dimensional order. [S0031-9007(97)04792-3]
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Two of the most common, but elusive, physical ph
nomena are the melting of a solid and the inverse,
crystallization from a liquid. The bulk features of th
two processes are easily quantifiable, but comprehen
microscopic descriptions have yet to be obtained. Wh
melting is a cooperative phenomenon and must there
be mediated by the lattice dynamics, it is not clear whet
the instability is a bulk effect, or is precipitated by pr
melting at surfaces or defects [1]. A difficulty associat
with experimental studies of melting is that it is strong
discontinuous, meaning that it is impossible to get clo
enough to the transition to detect the onset of the driv
instability before it actually occurs.

One of the most striking related discoveries in rece
years is that of lattice melting, where a crystalline so
undergoes a process ofcontinuousmelting at a structural
phase transition, only to recrystallize after the transiti
is passed [2,3]. This has only been observed unamb
ously in a single material so far, Na2CO3, although it is
thought also to occur in K2CO3 [4]. The transition in
both materials is ferroelastic in character, driven by tra
verse acoustic modes that soften over a wholeplane of
wave vectors. This means that the order paramete
two dimensional (m  2), and a mean-field theory of th
transition requires logarithmic corrections, indicating th
the mean-squared atomic displacements diverge loga
mically at Tc [2,3]. This causes a complete breakdow
of the long-range order, in common with a convention
solid-to-liquid transition, although in lattice melting th
transition can be continuous, which is in fact the case
Na2CO3. This presents the fascinating possibility of b
ing able to enter the transition state continuously, so a
characterize the mechanism that drives the loss of lo
range order.

Detailed neutron diffraction studies have been p
formed of the structure of Na2CO3 as it undergoes the
ferroelastic transition [4–6]; the transition produc
a continuous hexagonal-monoclinic symmetry chan
(P63ymmc 2 C2ym) with Tc , 755 K. The crystal
structure of the hexagonal phase contains one-dimensi
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chains of NaO6 face-sharing octahedra lying parallel t
the c axis. These chains are linked laterally to eac
other by carbonate groups, which act as “hinges”
that the chains can shear against each other along thc
axis. As the crystal is cooled towardsTc the restoring
force for the shears becomes smaller and smaller, a
shear fluctuations of the chains become larger. At t
critical temperature, the amplitude of these fluctuatio
diverges, while below it they freeze in to produce a sta
monoclinic strain. The shear fluctuations are the s
transverse acoustic modes with wave vectors in theap-bp

plane and eigenvectors parallel to thec axis. Hence, the
process of lattice melting is largely a divergence of th
mean-squared atomic displacements parallel to thec axis.

Theoretical predictions for the x-ray and neutro
diffraction patterns [7] indicate that the loss of long-rang
order atTc destroys the usual delta-function Bragg peak
and replaces them with diffuse scattering with a powe
law distribution. This is similar to the scattering from
two-dimensional systems such as smectic liquid cryst
[8], where the acoustic modes destroy long-range ord
The neutron diffraction results from Na2CO3 are fully
in accord with these predictions, but also indicate that
undergoes a special form of lattice melting, where t
long-range order is only destroyed in a two-dimension
sense, but is effectively preserved in the third dimensio
which in this case is thec axis. This indicates that,
while the ordered correlations transverse to the Na6

chains are lost atTc, the structure of each chain itself is
preserved.

While the structural aspects of the phase transition
well understood both theoretically and experimentally, t
same cannot be said of the dynamics. One of the m
intriguing open questions is the character of the latti
dynamics at the critical point, since long-range ord
is completely destroyed and strictly there is no lattic
In this Letter we present a detailed inelastic neutr
scattering study of the soft acoustic phonons in Na2CO3,
concentrating on the transition state. We show that t
inelastic spectrum atTc bears a striking similarity with the
© 1997 The American Physical Society
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neutron scattering expected from a classical liquid, whe
it arises from a combination of large-scale diffusional an
local vibrational motions.

Our inelastic neutron scattering measurements w
performed using the TAS7 triple-axis neutron spectrom
ter at Risø National Laboratory. Pyrolytic graphite cry
tals were used for both monochromator and analyzer, a
the analyzing energy was kept fixed at 4.9 meV; the co
responding energy resolution was 0.2 meV (FWHM).
cooled beryllium filter was placed in the scattered bea
to reduce higher-order contamination. We used a sin
crystal of Na2CO3 (with a volume of approximately
4 cm3) which was aligned with theap-cp plane of recipro-
cal space in the scattering plane of the spectrometer.
the crystal is cooled through the ferroelastic transition in
the low-temperature monoclinic phase, ferroelastic twi
ning occurs, which causes each (0 0l) Bragg peak to split
continuously into two components in a single crystal. B
scanning in wave vector across the (0 0 2) Bragg posit
while heating towards the phase transition, we determin
the temperature where the splitting disappears comple
asTc  752s1d K.

As the transition is approached, the transverse acou
branch softens for all wave vectors in theap-bp plane,
so that atTc the entire branch has collapsed to ze
energy from the Brillouin zone center right out to the zon
boundary. We characterized the softening by performi
constant-Q scans at the (0.1 0 2) position between 76
and 923 K. BetweenTc and 763 K, the softening of the
acoustic mode is so great that, within the limits of th
experimental resolution, it could not be distinguished fro
purely quasielastic scattering centered on zero ene
transfer. In order to obtain the phonon energy, ea
constant-Q spectrum was fitted to the spectral respon
of a damped harmonic oscillator convoluted with th
experimental resolution function, calculated using th
method of Popoviciet al. [9]. Representative spectra
with the results of the fitting procedure are shown
Fig. 1. Strong elastic scattering occurs in all of th
spectra measured at the (0.1 0 2) point, which is
mixture of incoherent scattering and Bragg contaminati
due to the proximity of the (0 0 2) Bragg peak. A
high temperatures, the acoustic mode appears as a w
defined inelastic peak, but as the crystal is cooled towa
the transition, the phonon energy decreases so that
peak begins to merge with the elastic scattering. Our
revealed that no significant change occurs in the phon
damping as the transition is approached. Therefore,
problem of separating the acoustic mode from the elas
signal is mainly one of instrumental resolution, which i
this case was very good, so that we were able to meas
the phonon softening much more precisely than a previo
preliminary study [6].

The temperature dependence of the soft elastic c
stantC44, obtained from the dispersion of the soft acou
tic mode at the (0.1 0 2) point, is plotted in Fig. 2
Renormalization-group calculations [2,3] predict thatC44
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FIG. 1. Constant-Q scans through the (0.1 0 2) point in
Na2CO3 at 923, 843, and 773 K, illustrating the softening o
the transverse acoustic mode as the transition is approac
(Tc  752 K). The strong elastic component in all spectra
due to incoherent and contaminant Bragg scattering, and
curves show fits to the data of a damped harmonic oscilla
convoluted with the experimental resolution.

should behave as

C44 ~ tfln tg21y3, (1)

wheret  sT 2 TcdyTc andTc  752 K. The curve in
Fig. 2 is a fit of this expression to the experimental da
The agreement is good, providing further validation f
the logarithmic corrections to mean-field theory whic
predict the effect of lattice melting. By contrast, the sta
dard mean-field resultC44 ~ t provides a poor descrip-
tion of the data.

In addition, we performed constant-Q scans at severa
points along the (0 0l) direction in order to survey
the temperature-dependent behavior of the longitudi
acoustic mode. We observed that the dispersion of
mode increases as the crystal is cooled towardsTc. In
addition, no change in its damping occurs atTc, and
we conclude that its behavior is noncritical and entire
independent of the phase transition. However, this is
entirely surprising since the longitudinal mode involve
only compressions of the octahedral chains along th
lengths, and neutron diffraction work shows that the
structural integrity is unaffected by the transition [6].

We now discuss our detailed measurements of the
shape of the soft transverse acoustic branch at the crit
4847
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FIG. 2. The temperature dependence of the soft elastic c
stant,C44, obtained from the dispersion of the soft transver
acoustic mode measured at the (0.1 0 2) point. The errors
smaller than the size of the data points, and the curve is
fit to the data of the renormalization-group prediction forC44,
Eq. (1). For contrast, the dotted line shows the poorer fit to t
data obtained with the standard mean-field result,C44 ~ t.

point. In Fig. 3 we show constant-Q scans across the
branch from the (0.1 0 2) point out to the (0.4 0 2) poi
[13], measured atTc  752 K. The inelastic scattering
is clearly quasielastic in nature in all of these scan
and there is no evidence for a central peak, since
elastic scattering is at the same level as in the hig
temperature scans, and is thus purely incoherent in orig
On the other hand, a central peak has been observe
the ferroelastic mixed system KCN:KBr [10], probabl
reflecting frozen-in shear strains due to the presence
orientational and positional disorder of the CN2 and Br2

ions. Na2CO3 is a much more ideal system for th
purpose of studying lattice melting, because it is ve
pure and free from defects of this kind. It should b
noted that the inelastic scattering from Na2CO3 at Tc

extends over several decades of intensity, and also o
a relatively large energy range (up to at least 6 me
which was the maximum accessible energy transfer w
our spectrometer configuration). This is in stark contra
to the behavior that would be observed in a thre
dimensional crystal, and instead is highly reminiscent
liquidlike dynamics.

Attempts were made to fit the quasielastic scatteri
with a variety of models, such as those with Lorentzia
and exponential distributions. The most satisfactory fit
the experimental data was obtained using the model du
Egelstaff and Schofield [11]. This model was develop
for describing the inelastic neutron scattering from liquid
and, in particular, the quasielastic scattering resulti
from diffusional motion of atoms through the system.
simple theory of diffusion predicts that the quasielas
scattering should have a Lorentzian distribution, but th
neglects the fast vibrational processes that occur betw
4848
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FIG. 3. Constant-Q scans through the transverse acoust
mode at the critical temperature,Tc  752 K. The full curves
show fits of the Egelstaff-Schofield model, Eq. (2), convolute
with the experimental resolution function. For comparison, th
dotted curves show fits of a Lorentzian function convolute
with the resolution. The sharp elastic component in th
(0.4 0 2) data is due to incoherent scattering. Note that t
intensity scale is plotted logarithmically to illustrate the smoo
spread of inelastic scattering over several decades of intensi

diffusional jumps of the atoms. For illustration, the dotte
curves in Fig. 3 show fits with the simple Lorentzia
model, which gives a poor description of the data at hig
energies. The problem is that, while for long timest, the
mean-squared atomic displacements areku2stdl ~ jtj, for
short timesku2stdl ~ t2. Egelstaff and Schofield’s mode
accounts for this by fabricating a simple functional form
for the velocity autocorrelation function that joins th
two forms asymptotically. The neutron scattering cro
section is then

SsQ, vd , exp

√
h̄v

2kBT
1 D

!
cD

sv2 1 D2d1y2

3 K1fcsv2 1 D2d1y2g , (2)

whereQ and h̄v are the neutron wave vector and energ
transfer, respectively,D is the effective wave-vector-
dependent width of the quasielastic scattering,K1 is the
modified Bessel function of the second kind, andc is a
measure of the time that elapses during which the ato
vibrate about their initial positions before a diffusiona
event. The full curves shown in Fig. 3 are fits to the da
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of this model. Initial fits were made to all spectra in orde
to determine the best value ofc, which is0.56s5d meV21

[12]. Oncec had been determined, more careful fits we
made, with the following parameters allowed to vary
the model: a flat background, a center to allow for slig
offsets in the calibration of the spectrometer, an over
scale factor, andD. The agreement with the measure
spectra is generally good.

The Egelstaff-Schofield model was originally develope
for liquids, where the width parameter is given asD 
Q2D (whereQ is the wave vector transfer andD is the
diffusion coefficient). In Fig. 4 we show the extracte
values ofD1y2 plotted against the reduced wave vect
q  sh 0 2d. D1y2 is linear withq until beyond the point
h  0.3, where it decreases from a linear dependence a
turns over ath  0.5, which is a zone boundary poin
of the high and low temperature phases [13]. The init
linear dependence ofD1y2 is suggestive of the simple
diffusion law frequently observed in liquids (i.e.,D1y2 ~

Q). However, in a true liquid the wave vectorQ refers to
the total wave vector transfer measured from the onlyG

point present, i.e., (0 0 0), and the structure factor is th
finite for all nonzero values ofQ. Although the long-range
order is destroyed atTc in Na2CO3, it is only destroyed in
a “weak” sense [7,14], as there is still a divergence of t
structure factor. The divergence is that of a power la
rather than the delta-function characteristic of true lon
range order. A power law reflects the fact that short-ran
periodic correlations exist transverse to the chains, and
q dependence ofD must reflect this periodicity. Note that
in the analogous case of jump diffusion in a periodic lattic
the quasielastic energy width has the lattice periodic
(see, for example, Goffet al. [15]). In Na2CO3, the
diffusional process is not that of single particles jumpin
from one site to another, but instead is related to large-sc
shears of whole chains of NaO6 octahedra along thec axis.
In effect, the amplitude of the shears is so large that, on
time scale of our inelastic neutron scattering experime
the chains act as though they are moving slowly throug
viscous medium. This observation brings out the similar
between the processes of lattice melting and conventio
melting, which is that they are both controlled by large
amplitude shear fluctuations which destroy long-ran
order.

It is interesting to note that, while this extreme the
mal motion fulfills the Lindemann criterion for melting
the chains retain their integrity along thec axis perfectly.
The upshot is that there is full long-range order for corr
lations purely along the length of each chain. This brin
out the unusual nature of the transition state in Na2CO3,
which possesses simultaneously, characteristics of a fu
ordered crystal, a liquid crystal, and a conventional li
uid. In effect, it represents a state intermediate betwe
these three.
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FIG. 4. The square root of the effective quasielastic wid
parameterD plotted against reduced wave vectorq  sh 0 2d.
The curve is a guide to the eye.
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