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We report an extensive series of optical investigations of BaMnF4 near its incommensurate

structural phase transition at T, = 254 K. We observe an inelastic central peak in the range

(247 7) K. An anomaly occurs in the elastic scattered intensity at 241 K on heating, but the
Raman peaks characteristic of the low-temperature phase persist up to 254 K. Measurements of
the thermal diffusivity by a novel optical- tectronic technique indicate that (1) the observed ine-

lastic central peak is not due to entropy fluctuations, (2) the anomaly in the elastic central-peak

intensity coincides with the peak in the pyroelectric coefficient, and (3) the value of pyroelectric
coefficient changes sign within 1 K of TI. The maximum in the inelastic central-peak intensity

at 247 K may indicate another phase transition or may relate to the scattering mechanism. The
anomaly in the elastic central peak is not a precise indicator of T„exhibits hysteresis, and may

arise from static domain or defect scattering. The. observed q dependence of the inelastic

central-peak width is consistent with an interpretation based on phason scattering and provides

evidence for a strongly anisotropic, overdamped phason response in the incommensurate phase.

Finally, we present evidence from detailed line-shape analysis that the observed intensity may

actually be the result of coupling between the phason and the LA phonon.

I. INTRODUCTION II. BACKGROUND

Structural phase transitions involving incommensu-
rate distortions are currently of considerable interest.
Although microscopic or phenomenological models
exist for some of these systems, ' the incommensu-
rate phase in BaMnF4 remains incompletely under-
stood. A detailed neutron scattering investigation
provided the first evidence for an incommensurate
phase in this material. Below the transition T; =247
K, the incommensurate distortion was observed to
develop continuously at a wave vector qo= (0.392,
0.5, 0.5). However, despite careful investigation, the
nature of the soft-mode eigenvector remained un-

known. Even so, BaMnF4 is especially interesting,
since the high-temperature phase lacks inversion sym-
rnetry' and exhibits pyroelectricity. 4 This has impor-
tant consequences for the use of light scattering to
study the dynamics of the incommensurate phase.
The reader may refer to the recent article by Scott5
for a detailed revie~ of the other literature on
BaMnF4. In the present article we discuss mainly the
light scattering studies performed near Tl by our-
selves and other ~orkers which bear on the issue of
phason dynamics.

In Sec. II we review material particularly pertinent
to light scattering. In Sec. III we describe the experi-
mental apparatus and results for the various optical
experiments performed. Further discussion and
analysis of those results appear in Sec. IV.

To discuss the effects of inversion symmetry we
must first note the peculiarities of the long-range or-
der of an incommensurate structure. While the
structure no longer exhibits true long-range periodi-
city, it may still do so to a good approximation when
the incommensurate distortion is small. For exam-
ple, a lattice with inversion symmetry in the parent
phase will no longer have inversion symmetry about
every lattice point in the distorted phase. However,
in the infinite lattice one can always find a point with
symmetry arbitrarily close to centrosymmetric. As
Janner and Janssen have discussed at some length,
the lattice still has inversion symmetry in that limit-

ing sense in the incommensurate phase.
The incommensurate distortion also causes new

"zone-center" vibrational modes to appear in the
new quasiperiodic lattice. Although this is entirely
analogous to the folding of zone-boundary modes
into the zone center in the case of a commensurate
cell-doubling phase transition, in the incommensurate
case, modes of a new kind appear. Let us consider a
single-plane wave (SPW) distortion of the type

i k ~ ry=y e ' e'4'

For a commensurate cell-multiplying phase transition,
ko is commensurate with the parent lattice, and @ has
a certain fixed equilibrium value. The fluctuations
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for the unit cell at r, where u enumerates the atoms
within the unit cell. Since a change in @ corresponds
to a displacement of the static distortion with respect
to the lattice, we may write the atomic movements
for 5$ as

5u~(r)—= yo u(a, r)5 5

Bx ko
(3)

where we have assumed kollx in Eq. (I). From Eqs.
(2) and (3), the effects of inversion symmetry are
obvious. Analogous to the discussion above, if the
parent phase is centrosymmetric, then we can choose
an origin such that the quantities u(a, r ) are even,
under inversion, to an arbitrary precision. To the
same precision, the quantities 5u(a, r )/Bx then be-
come odd under inversion. Since that mode (of odd
parity) will nor scatter light at q =0, the phasons
represented by Eq. (3) may do so only if the parent
phase lacks inversion symmetry. %e note that
phason scattering is always Brillouin allowed (i.e. ,
I a q'), but this effect may be small.

BaMnF4 is an example of a noncentrosymmetric
system which undergoes a transition to an incom-
mensurate phase. Since, according to the discussion

5$0 and 5$ are thus both finite-energy excitations
below T&, even at q =0. Since, for the incommensu-
rate case, in contrast, the equilibrium value of $ may
vary arbitrarily, the fluctuations 5$ have zero energy
at q =0. The dispersion of this mode thus differs
qualitatively from the related vibrations near com-
mensurate phase transitions. This mode is called a
phason, the direct spectral observation of which had,
until very recently, eluded investigators. One of the
fundamental questions about this new class of excita-
tions is whether they are propagating or overdamped.
Although an overdamped phason light scattering peak
has been observed in BaMnF4, ' an underdamped
feature has been reported in neutron scattering ob-
servations at much higher q in the case of biphenyl. '
%e discuss the former case in detail in the present
paper. It remains to be seen whether the over-
damped character reported here for the q 0
phasons in BaMnF4 is a general feature of incom-
mensurate phases.

The low frequency anticipated for phasons makes
light scattering a potentially attractive probe for their
study, providing that they will indeed scatter light.
Since the amplitude fluctuations 5PO are strictly
analogous to soft optic modes at commensurate
phases transitions, they are always Raman active
below TI. If we now relate the atomic movements
for the phason to those for a fluctuation 5$0, we can
easily examine their light scattering activity. %e
write the set of atomic movements associated with a
fluctuation 5&0 as

above, its phasons should scatter light, it provides an
ideal opportunity for direct observation of phasons.

Others have previously studied the light scattering
spectrum of BaMnF4. After ultrasonic measurements
first disclosed a phase transition at 247 K, Ryan and
Scott' and Popkov" demonstrated the presence of
additional Raman lines in the low-temperature phase.
Based on this evidence, they identified the transition
as of zone-boundary type. In a Brillouin scattering
investigation near the structural phase transition in
BaMnF4, Bechtle and Scott' ' demonstrated a strong
dispersion near 1 6Hz in a transverse acoustic veloci-
ty. About the same time, a comprehensive neutron
scattering investigation' demonstrated the incom-
mensurate nature of the phase below T;. Bechtle and
Scott then suggested" that the observed dispersion
represented coupling between the transverse acoustic
(TA) and phason modes near T,. The anomaly in
the elastic scattered intensity observed by Lockwood
was found in a polarized b (aa ) c geometry. Bechtle,
Scott, and Lockwood published these results jointly"
and applied the model describing the acoustic disper-
sion to the central-peak spectra. However, not only
did the geometry of the two investigations differ fun-
damentally, but also the reported linewidths included
no correction for the instrumental width. " Since the
latter represented at least 80% of the observed width,
that interpretation" of the central peak is question-
able, and has been retracted in the more recent
work'5

Our initial experiments, ' demonstrated the ex-
istence of a polarized inelastic central-peak scattering
near T&. The peak exhibits a q-dependent width
larger than predicted by the model of Bechtle et al.
and exhibits a temperature dependence less singular
than that reported by Lockwood' for the elastic
scattering.

After reevaluation of the data, Lockwood et al. "
concluded that the central-peak scattering they ob-
served emanates from static centers (I'cp & 0.3 6Hz).
However, they also find intensity between the LA
and mixed acoustic modes, and conclude that an ad-
ditional imperfectly resolved phason peaks exists. "
In what follows, we shall present a rather different
interpretation, supported by additional new experi-
mental observations.

III. EXPERIMENT

The present work includes several different but re-
lated experiments. These include (by section
number):

(III A) Spectral characterization of the central
peak' with simultaneous observation of the Brillouin
and Raman scattering spectra in various geometries,
mainly with qllc and qlla. The intensities of the Ra-
man peaks suggest a transition occurring at 254 K, 7'
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above the temperature T at which the inelastic
central-peak intensity is a maximum.

(III B) Thermal diffusivity measurements by a nov-
el optical technique' which show that entropy fluc-
tuations do not cause the observed central-peak
scattering. These measurements also provide evi-
dence for a transition occurring at 254 K.

(III C) Further central-peak measurements, carried
out for q deviating from c in the ac plane by angles

up to 26', which demonstrate the presence of a
strong anisotropy in the process responsible for the
central-peak scattering. This anisotropy, as well as
the temperature dependence of the scattering intensi-

ty is compatible with a simple model with the incom-
mensurate transition temperature T& = 254 K.

(III D) Simultaneous observation of the inelastic
and elastic central-peak intensities. In addition to the
temperature separation of '7 K between T; and T,
discussed in Sec. III A, these observations demon-
strate a further separation of 6 K between T and the
temperature T„where the intensity of the elastic
central peak is a maximum. Thus, T; and T, differ

by some 13 K. Furthermore, related measurements,
carried out at much higher resolution, also demon-
strated that any inelastic width to the scattering ano-
maly seen without the iodine cell must be less than
0.02 GHz.

A. Raman-Srillouin investigation

The initial set of experiments" consisted of simul-
taneous observation of the Raman and Brillouin spec-
tra as a function of temperature in the range
200—300 K. By collecting light from both sides of
the sample, we observe simultaneously the Raman
and Brillouin light scattering spectra, excited by a

single-mode Ar+ laser (Spectra-Physics 165-03)
0

operated at 5145 A. Viewing the spectrometer slits

through the Fabry-Perot optics ensured that the same
scattering volume was observed for the two sets of
measurements. The Raman spectra thus provided an
in situ probe of the temperature in the scattering
volume, which eliminated any possible discrepancy
between the temperature scales for the two sets of
spectra. We used a Spex 1401 double grating mono-
chromator and a pressure-scanned tandem Fabry-
Perot interferometer' to observe the Raman and
Brillouin spectra, respectively. The Fabry-Perot reso-
lution was typically 1.8 GHz, with an effective free
spectral range of about 700 GHz. By using one sam-

ple with faces cut perpendicular to the crystallograph-
ic axes, we studied spectra obtained with light in-

cident along the a (or c) axis and scattered along the
c (or a) axis. With the incident and scattered light
polarized along b, this is designated as a (bb) c [or
c (bb) al geometry. A second sample was cut from a

neighboring portion of the boule with faces at 45' to
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FIG. 1. (a) Scattering geometry for the sample used to
obtain q parallel to major crystal axes. The wave vector of
the scattered light and momentum transfer are k,f and qf,
respectively, for the Brillouin spectra and k„and q, for the
Raman. The incident wave vector is k;. The crystal a and
c axes are as indicated. One edge of the crystal was cham-
fered for identification. (b) Backscattering geomerty em-
ployed for study of the q dependence of the central peak.

the a and c axes and perpendicular to the b axis. In
using it we investigated spectra with the incident and
scattered light propagating at 45' to the major axes in
the ac plane. The data for qlla discussed below were
obtained on this second crystal, with a scattering
geometry as shown in Fig. 1(a). In all cases, the
direction of the momentum transfer for the Raman
spectra differed by 90' from that for the Fabry-Perot
spectra acquired simultaneously.

An LSI-11 microcomputer controlled both the
monochromator and the interferometer scans, and
also accumulated and displayed both spectra simul-
taneously. The computer also actively controlled the
tuning of the laser via a piezoelectric element con-
trolling the tilt of the intracavity etalon. Thus it was
possible to make extended runs and acquire high
quality spectra at each of a number of temperatures,
over a period of 80 h or more of continuous opera-
tion. A single pair of final spectra typically included
multiple scans over a peroid of 2 —8 h at a single tem-
perature.

A molecular iodine cell rejected light scattered
within 0.5 GHz of the laser frequency. ' The use of
this reabsorption cell did not cause any significant
distortion of the Raman spectra, whic g were obtained
with rather wide (=5 cm ') slits. Th numerical
procedures used to correct the high-resolution spectra
obtained with the tandem Fabry-Perot differed from
that previously reported" only in the use of a least
squares analysis to choose the normalization parame-
ters. ' The measurements of 4vLA reported below,
however, did not employ the iodine cell, in order to
allow the most accurate determination of the LA Bril-
louin frequencies.

Let us first consider the Raman spectra, Certain
vibrational modes which become Raman active in the
low-temperature phase may be used as an intrinsic
probe of temperature. For the strongest of these,
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near 150 cm ' (for q lla ), the peak position depends
only weakly on temperature, but its intensity varies
strongly just below T =154 K. In order to extract
this intensity in a quantitative fashion, we used a
computer subtraction procedure, comparing the spec-
tra in detail to one obtained well above the transition
(at T =270 K). If we denote a raw spectrum at a
temperature Tas S(v, T), then the subtracted spec-
trum takes the form S(v, T) —MS(v, 270 K). We
adjusted the multiplier M to cancel the 138 cm '

component seen above the transition. Figure 2
shows the raw data [part (a)] and the result of the
subtraction procedure [part (b)] for representative
spectra. The ratio of the remaining peak intensity to
the multiplier M then gave a reliable indicator of
temperature, usable within a few K of the transition.
In Fig. 3(a), which shows a typical plot of these ra-
tios, note that a straight line drawn to fit the points
extrapolates to zero within a few K of the last

. nonzero point available. We denote this intercept as
Tg in the discussion that follows. Note that the 150
cm ' peak unequivocally persists several degrees
above the maximum in the central-peak intensity
[Figs. 2(c) and 3(b)]. Note also that the peak move-
ment reported by Popkov" is not observed in the
subtracted spectra for q lla.

The importance of this probe of the actual scatter-
ing volume temperature stems from the large amount
of laser heating due to absorption in our samples
which were mounted with silver paste on a cold
finger. Experiments in which we varied the laser
power demonstrated that the laser heated the scatter-

O

Q

0.25—Z
LLII-
Z

LLI
LL

LLJ L-
Ch

N QJX I-I- Z
LLI

100—
LA

)~ 95
I-

90-

(c)

I I I I I I

230 220 230 240 250 260 270
CORRECTED TEMPERATURE (K)

FIG. 3. Temperature dependence of three light scattering
probes of the phase-transition region. Part (a) shows the
behavior of the Raman intensity ratio illustrated in Fig.
2(b). Part (b) shows the central-peak intensity tsee Fig.
2(c)j and part (c) shows the behavior of the acoustic veloci-
ty I «as a ratio to its room temperature value for three
scattering angles 8. The dashed line shows the ultrasonic
results of Fritz9 at low frequency.

I I I ~ I I

l20 l40 l60 l20 140 l60 -IO 0 BIO

FREQUENCY SWIFT (cm-I) (GWz)

FIG. 2. Raman and Brillouin spectra taken on BaMnF4,
illustrating the analysis used to reveal the intensity behavior
of the 150 cm peak (B). Note the clear persistence of that
intensity at temperatures above that at which the inelastic
central-peak intensity (with qllc, shown at the right) is a
maximum. The wings of the LA modes are visible in the
latter. Part (a) shows the raw Raman spectrum (q i!a) over
the same spectra1 region. A spectrum near 270 K has been
subtracted to produce the results shown in part (b). Note
the greatly expanded frequency scale in part (c).

ing volume by as much as 14 K at the po~er of 100
mW typically employed for the measurements report-
ed here. All temperatures reported (here and in oth-
er sections) are corrected for such heating.

By juxtaposing the Raman data to the polarized
Brillouin spectra, w'e find a somewhat surprising
result, which is exemplified in Fig. 3(c) by the LA
mode velocity determined with q llc. [Note that
these data were obtained simultaneously with the Ra-
man data for q IIa, shown in Fig. 3(a).] Contrary to
previous work, ' we find that the anomaly reported in
the ultrasonic velocity by Fritz9 exceeds that which
we observe in the frequency position of this mode
near TI. Moreover, a substantial separation exists
between the temperature at which 4vLA is a
minimum and the temperature Tg, where the Raman
ratio extrapolates to zero, as shown in Figs. 3(a) and
3 (c).

Figure 4 shows the low-frequency portion of the
central-peak spectra obtained with the iodine cell,
which reveal a clearly inelastic component centered at
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FIG. 4. Low-frequency light scattering spectra of BaMnF4
near T = T~. All temperatures are corrected for laser heat-

ing and referred to the temperature T~ =247 + K, where

the maximum intensity exists. The dotted line at upper
right shows a spectrum taken at 8 = 123', while the
remainder are for 8=90'. None of the spectra is here
deconvolved from the instrumental response. Note, howev-
er, that the width is substantially greater than the instru-
mental width, 1;„„=2.2 6Hz.

the laser frequency. Although its true width of
21'cp/2m =3.2 +0.6 GHz [full width at half maximum
(FWHM)] is apparently insensitive to temperature,
its intensity, shown in Fig. 3(b), depends strongly on
temperature below T&. The maximum in its intensity,
however, occurs at a temperature T which is above
that for which AVLA is a minumum, and below T~.
The inelastic central peak was not observed in c(bb) a
and a (bb) c geometries, and it exhibited a strongly
polarized character (e.g. , Iqq/I~ & 10).

The temperature insensitivity of I qp raises the pos-
sibility that the process responsible may not be in-
herently related to the phase transition. Entropy
fluctuation scattering represents one such possibility.
Scattering from entropy fluctuations, as from any dif-
fusion process, exhibits a linewidth which scales as
q'. Therefore, we measured the central-peak width
for two other values of I qI, keeping its direction
fixed. For these experiments, the light entered and
left the crystal through parallel (001) or (100) faces
at angles of nearly 45'. The external geometry
remains a right angle one, as shown in Fig. 1(b).
The refractive index determines the internal scatter-
ing angles available, which for BaMnF4, with
n = 1.5 +0.02 for x = a, b, c are 8 = 123' (backscatter-
ing) and 8 = 57' (forward scattering). The corre-
sponding values of Iq I

= (4n n/X) sin8/2 are

3.26 x 10' and 1.62 x 20', cm ' respectively, while the
value for 90' scattering is 2.58 x 10' cm '.

The spectra in these nonright-angle geometries pro-
vide two additional observations relative to (1) the q
dependence of I'cp and (2) the dispersion of the LA
velocity. First the central-peak width depends strong-
ly on Iq I, so much so that at 8=53' the width al-
ready approaches that of the I2 absorption width, and
we could only conclude that it did not exceed 1.6
GHz (FWHM). In the backscattering geometry, on
the other hand, the peak clearly broadens, with
21'cp/2m =4.4 +0.6 GHz. The formula I'cp = D,q2

describes these three values with D, =0.14 +0.02
cm2/s, which, while large for a thermal diffusivity
(KTa03 has a value of 0.056 cm /s at room tempera-
ture, 2' which itself is an abnormally high values), is
not completely unreasonable. Thus it became very
important to perform the direct measurement of the
thermal diffusivity described in Sec. III B.

The dispersion in the LA velocity evident from the
observations in the nonright-angle geometries appears
in Fig. 3(c), where the behavior of the LA velocity,
expressed as a ratio of its room temperature value,
clearly depends on

I q I. In fact, the LA Brillouin fre-
quencies can be described qualitatively via a
temperature-dependent relaxation frequency, Qs ( T):

1
VLA =AVLA SV0

1 + et) /Os

From the values observed near T;, we conclude that
O~ is smoothly varying and has a minimum value
near T& of order 10 0Hz. Judging from the behavior
of the three curves in Fig. 3(c), we conclude that this
relaxation frequency O~ rapidly moves out beyond 1

cm ' (=30 GHz) as the temperature decreases below
T&. Its frequency does not appear to correlate with
the observed behavior of the soft mode, nor is it con-
sistent with Og = 1 qp. Furthermore, this apparent
relaxation frequency exceeds by an order of magni-
tude that observed by Bechtle and Scott' for the
TA mode V,q( IIP = 0.7 GHz near T~). Its origin
remains unexplained.

B. Thermal diffusivity and

pyroelectricity measurements

The observed q dependence of I cp noted above ad-
mitted an interpretation based on entropy fluctuation
scattering, possibly enhanced by a coupling to the or-
der parameter. Data on. the thermal conductivity of
BaMnF4, which would allow a calculation of D, = A/

pC~, do not exist in the literature, although Hsu
has measured C~. In this section we describe a direct
measurement of D, using a novel optical technique.

Achieving an accurate, nonperturbative measure-
ment of a small temperature difference across a sam-
ple represents one of the main experimental difficul-
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FIG. 5. Pyroelectric current observed on the three elec-
trode pairs on a sample of BaMnF4 prepared as described in

the text, as a function of time after flash heating of one end
of the sample. The solid lines represent a fit to all three
profiles simultaneously, with adjustment of the thermal dif-
fusivity. The heating pulse is 0.1 s in duration in this exam-
ple, sample temperature is 185 K, and the value of
D, =0.0062 cm /s results from the fit shown. The theoreti-
cal curves in (a) and (c) are multiplied by factors of -0.8
and -1.1, respectively, to account for variation in electrode
size.

ties in a steady-state measurement of thermal con-
ductivity. %e employed the pyroelectric response of
the sample itself as an intrinsic probe' of small tem-
perature changes to avoid such problems. %hile py-
roelectric studies normally employ thin samples to
make the thermal diffusion time short, our technique
relies on working at the opposite extreme, where the
thermal diffusion time dominates the experimental
observations.

These experiments are discussed in detail else-
where, "but we shall outline the technique briefly
here, since the result is of basic importance to the in-
terpretation of our spectra. %e prepared a sample as
a thin elongated platelet, 1.5 x 3 x 6.7 mm, with the
short dimension along a and the long dimension
along c. One end of sample was fastened to a con-
trolled temperature block using silver paste. A pulse
of laser light absorbed on a thin metal mask at the
other end caused flash heating of the free end of the
sample. The pyroelectric current was then measured
on three pairs of electrodes along the length of the
sample as a function of time after the laser pulse. A
simple model provided an accurate description of the
data, as shown in Fig. 5. This model employs the
one-dimensional heat-diffusion equation, assuming

conductive heat transfer only, and no boundary resis-
tance where the crystal was attached to the block.
The straightforward Fourier series solution of this
model yields the solid lines shown in the figure,
where we have fit all three curves by varying the
value of D, (in principle, each curve provides an in-
dependent measurement so this is a check of internal
consistency). In the calculation we use the known
positions and spatial extents of the electrodes, but we
ignore fringing effects, which should cancel to first
order. The zero offset visible there is due to dc
offset in the electronics. As a result of the analysis
illustrated in Fig. 5, we extract a value for D, related
to heat diffusion along the c axis.

The essential conclusion is that the numerical value
of D, =0.14 cm2/s extracted from the spectra (Sec.
III A) far exceeds the values of the thermal diffusivi-
ty (-0.005 cm2/s) near T;. The dominant systematic
errors are those due to radiative heat losses, conduc-
tion through the electrodes, and possible errors due
to anisotropy in A and misalignment of the crystal.
%e note that these errors could only serve to in-
crease the observed value. Thus, since the value of
O.OOS cm'/s probably represents an upper limit, we
conclude unequivocally that entropy fluctuations do
not cause the observed inelastic central peak.

As a byproduct of these measurements, the ampli-
tude factors in the fits yield a sensitive measurement
of the pyroelectric response near the phase transition.
The pyroelectric coefficient crosses zero in this region
of temperature, corresponding to a peak in the spon-
taneous polarization, while the slope appears to
change" by a factor of about 1.7. The source of both
the zero crossing and the slope change remain un-
known, but this observation lends credence to the
idea that the zero crossing at T = 254 K represents
an actual transition temperature.

C. Phason anisotropy

Having eliminated entropy fluctuations as the cause
of the observed inelastic central peak, we now con-
sider the possible mechanism of phason scattering.
%e have already shown in Sec. II that the phason in
BaMnF4 has the proper symmetry to scatter light.

Bhatt and McMillan have developed a dynami-
cal Landau theory for the case of a charge-density
wave transition applicable to the layered transition-
metal dichalcogenides. " They consider the high-
temperature phase (i.e., no static distortion), includ-
ing a coupling of a relaxing order parameter to a sin-
gle optic phonon. They obtain the dynamic structure
factor and dispersion of the soft-mode branch in the
vicinity of ko. The characteristic relaxation time of
the overdamped incommensurate excitation is found
to be

so=~[a'(T —T,) +e(q ~ ko)2+flq x kol'] ', (4)
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using our notation where ko is the incommensurate
wave vector, and the wave vector of the excitation is
k = ko+ q. The constants a', e, and f are the coeffi-
cients of the quadratic terms in the free-energy ex-
pansion in powers of the order parameter, and deter-
mine, respectively, the temperature and wave-vector
dispersion of the excitation above T; in the neighbor-
hood of the incommensurate wave vector, ko. (Our
a' is one-half that used previously, ' to be in accor-
dance with existing work on BaMnF4. )

This model is not directly applicable to the case of
BaMnF4 for two reasons. First, the incommensurate
wave vector in BaMnF4 lies at the zone boundary,
and therefore has a star of four components.
Second, the model as stated" applies only above the
transition, in the normal phase. In what follows
then, we cannot use the model of Bhatt and McMil-
lan directly. However, this model can be used to
describe the phason anisotropy in BaMnF4, as done
previously, by making two assumptions. Firstly,
since phason dynamics should be relatively insensi-
tive to temperature below T;, we may use the expres-
sion (4) evaluated at T; to describe the phason
dispersion just below TI. We note in passing that oth-
er (amplitudelike) modes behave as normal soft
modes below T;, and are strongly temperature depen-
dent. Secondly, in order to handle the fact that ko
lies at the zone boundary, let us consider why there
is an anisotropy in the first place (in this or any other
model). The reason is basically that there exists a
direction in which the incommensurate distortion can
"slide" with respect to the ambient lattice with no
cost in energy. Clearly, the phason dynamics for a
modulation of the phase along that direction (a fluc-
tuation in the period of the incommensurate wave
vector) may be fundamentally different than for
modulation of the phase perpendicular to that direc-
tion (a fluctuation in the direction of the incommens-
urate wave vector). Hence there is anisotropy in the
phason dispersion curve. However, in a material
such as BaMnF4, the special direction is not parallel
to ko, which has two commensurate components, but
rather lies along the a axis. That is, we must replace
ko in (4) above by its incommensurate component

We shall now provide a theoretical basis for these
conjectures. The generalization to temperatures
below TI, but close to it, is readily done by expanding
the free energy for a single incommensurate CDW
(or distortion) d1 at a wave vector ko'.

0
"=[2a'(T; —T) +cllqll +cJqJ ]((floSA)

+ (cllqll + CJq 3 ) ( @06/) (9)

where F„=F {Ib,} is the equilibrium free energy.
The extension of the previous result' then, for the
phason relaxation time below T;, is given by

r phasoo y/(cllql2l + cJq J2 (10)

while the characteristic frequency (relaxation time)
for an underdamped (overdamped) amplitude mode
would have a temperature-dependent term 2a'(T;
—T) in addition to the gradient (q ) contributions.

In BaMnF4 there are four equivalent wave vectors
in the star of qo, which describe the primary order
parameters'

q1= (0.39, +0.5, +0.5), q2=-q1

q3 ——(0.39, —0.5, +0.5), q4= —q3

Denoting by Q; the amplitude of the order parame-
ter with wave vector q;, the free energy, generalized
to include the gradient terms as per Eq. (7) is (using
the notation of Cox et al. ")

i

a ( QI Q2 + Q3Q4)

+ xc~('7„QIV„Q2+ V„Q3V„Q4)

+ Vl(gl Q2 + Q3 Q4 ) + V2Q1Q2Q3Q4

to obtain F in terms of the slowly varying iti(r)

F {y}=„d r-[a'(T T—) ld l2+bl@l4

+ clll &lid I'+ cJl &Jd I'],
where cll= eko, cJ——fko, and 'VII and '7J are gra-2 2

dients in the direction parallel to and in the plane
perpendicular to ko. Expanding iti about its equilibri-
um value, ltio= [a'(T; —T)/2b]'i'.

y=y [1+(Sa +ISA)e'' ']'
where lboSA and lbogp represent the (real) amplitudes
of the amplitude and phase mode (phason) of the or-
der parameter, respectively, with a wave vector
k = k0+ q near the incommensurate wave vector ko,
we obtain, to quadratic order in the amplitudes

(6)

F {d }= „d r [a'( T T;) Id 12+ b
I
d 14-

+el(ko'v —ko ) dll +f1 ko x &@I ]

(5)
about its equilibrium value. First, we remove the ra-

pid dependence due to the wave vector ko'.

ip=ite

+ Vei ag 2g 2 + Ve iag 2g 2—
i

where a =a'(T —T;), c„, V, V1, V2, and n are real.
The sum on p, is over the three axes set by the in-

commensurate component of q;, i.e., parallel axis
along a and two in the plane normal to it. We retain
only the anisotropy between the a axis (cll) and the
bc plane (cJ), as is verified experimentally in the
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present work (this and Sec. III D).
The requirement of atomic displacements being real implies

Q)=Q2' =$)e, Q3=Q4 =$2e

where P~ and P~ are real. In terms of the new variables,

2

F = J «X(ayi'+cia((&iiei)'+yi'(&iiy;)')+cd(&&@i)'+08&gyi)'j+ Vyi'j
i 1

+ [ V2+2 Vcos(a+2/~ —2/2) jgt$2 (12)

As shown by Cox et al. ,
' depending on the relative

values of the quartic coefficients, two static solutions
are possible below T&

(i) Q~ = Q2 = a'( T, —T)/(2 V~ + V2 —2 V)

The relative phases are given by 2(gt —Q2)
= n —u. We consider case (i) first. Expanding the
order parameters around the static value

and
for 0 &2Vi+ V2 —2V &4Vi @)= Qp(1 +SA))expi (Q, + SQ)) (13)

(ii) p~ = a'(T, —T)/2 V~, $2=0

for 0 &4V~ &2V~+ V2 —2V

where SA„SQ&-cos(q r ), and keeping up to qua-
dratic terms in the displacements SA& and SP&, we ob-
tain

2(F —Fp)
0 =4V&4'o(SA 1 +SA2 ) +4( V2 2 V)4IOS~1S~2+4 Vf|(8/1 Sl//2)

+ (c III II + cl'VB 40( S~ 1 + S~ 2 + S41 + S42) (14)

(civil + cAD (15)

We can repeat the analysis above for case (ii), in
which case the phason is simply the phase oscillations
Spt of the nonzero order parameter, and we obtain
exactly the same result (15) for the corresponding
phason relaxation time. Thus, in either case, the
phason relaxation rate is given by

1I —= = D))q)) +Dgqg
e

= q'(D~~cos'$, +Dqsin'P, ), (16)

as used previously, 7 where Q~ is the angle q makes
with the incommensurate a axis. For anisotropic
Landau parameters (cs and cq), Eq. (16) would lead
to an equivalent anisotropy in I ~. Thus we see that
by applying the model of Ref. 22 to the free energy

This leads to four modes, one of which, corre-
sponding to in-phase oscillations of the phases
(Sp~ = SP2), can be identified as the phason (Gold-
stone boson for q =0) with a temperature-
independent relaxation time (following the analysis of
Bhatt and McMillan"'~):

I

appropriate to BaMnF4, ' we obtain the simplest form
one could expect such an anisotropy to assume.

Indeed, attempts to measure the central-peak width
in geometries with bulla and with q at 45 between a
and c had been unsuccessful due to lack of signal.
Since there is some scattering from other processes in
this region, and also since the mode may be coupled
to the acoustic phonons, it would become difficult to
distinguish the central peak from a flat background if
its width increased above 15 6Hz awhile its integrated
intensity remained constant. With this in mind, we
investigated the spectrum obtained in the region of
angle accessible by rotating the crystal used for the
qllc measurements, correcting for refraction at the
faces. Figure 6 shows two of the resulting spectra,
which do indeed exhibit the anticipated anisotropy.
Figure 7 shows the true spectral widths (FWHM,
deconvolved), along with a curve which represents a
fit of Eq. (16) to the five points at which the feature
was clearly observed. The parameters resulting from
the fit have the values D~~=0.98 cm'/s and Dq=0. 14
cm2/s, which correspond to a large anisotropy of
D JDq = 6.8. As is evident in the figure, this aniso-
tropy is qualitatively consistent with the failure to ob-
serve the feature at the two orientations indicated
with the arrows.
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Other possible explanations of an inelastic central
peak with a strongly q-dependent linewidth may exist.
Nevertheless, the experimental observation of the
maximum in the scattering intensity near TI and the
high degree of anisotropy lend support to our view
that the scattering arises directly from the phason
mode. ' Using these values of DII, j the values of I q

at a reduced wave vector of 0.1 are of the order of
10—100 meV, which is consistent with the observa-
tion in neutron scattering that the incommensurate
excitation above TI becomes underdamped at wave
vectors in this range. The expression for the under-
damped incommensurate excitation frequency above
TI is a form similar to that given previously ':

Ql~ =0)~0/(1+ pQ)~Or&)

FREOUE'ICY SHIFT (6Hz)

FIG. 6. Central-peak spectra taken for two off-axis orien-
tations of q. The angle

pbbs
is that between q and the a axis

in the ac plane. The lines are Lorentzians drawn to fit the
central peak. The features visible at —+10 GHz are the
TA mode, visible more strongly in these off-axis
geometries. The strong LA modes are outside the spectral
region displayed. The instrumental resolution is 1 jgst 1.9
GHz.
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where co,o is the frequency far from the transition
and P is a coupling parameter. (Note that this is a
more accurate expression for ao, than the approxima-
tion given in Sec. V of Ref. 22.) However, using this
expression with q-independent cu'0 and P, we find
that the anisotropy in the q dependence of the incom-
mensurate excitation above Ti observed in the neu-
tron scattering experiment' is precisely the reverse
of that predicted using the value of D~JD~=6.8 ob-
tained here. That is, the slope of the dispersion for
q =((,0.5, 0.5) is expected to be greater than that
for q =(0.39, g, g) by a factor of 2.6=46.8, while
the observed ratio is about 0.6. This discrepancy may
stem from the relatively large values of q involved in
the neutron scattering experiment, requiring in-
clusion of higher-order terms in the gradient expan-
sion of the free energy, and possible q dependence of
the value of au~. The latter possibility is indicated by
the temperature-insensitive dispersion curve observed
in neutron scattering. ' In either case, we note that
the anisotropy we observe (D((& D') is for the limit
of small q where the Landau expansion is expected to
hold and is, further, consistent with the plausibility
arguments given by Boriack and Overhauser.

D. Elastic scattering

50 60 90
(90-f )(DEGREES)

q

FIG. 7. True linewidth (full width at half maximum) of
the inelastic central peak (1~) as a function of $~ in the ac
plane. The temperature and scattering angle are held con-
stant at 247 It' and 90', respectively. The points at @~=45'
and 90' represent negative observations, from which
minimum values of I'~ may be inferred under appropriate
assumptions (see text). The line represents a calculation us-

ing DII-0.98 cm /s and D& =0.14 cm (s in Eq. (16).

As mentioned above, the phason light scattering
activity is dependent on the presence of a static dis-
tortion, Since the phason frequency does not vary
strongly below T„we expect its intensity (within
mean-field theory) to scale as the square of the order
parameter Icp" &02, for temperatures near T,. Thus,
on the basis of our interpretation, we have to assume
that the temperature where the maximum central-
peak intensity occurs, T, is significantly below T;,
since the central-peak intensity extrapolates to zero at
T —T +7 K. The behavior of the Raman intensity
ratios described in Sec. III A suggests the same rela-
tionship. As a further check of this condition, we
carried out one additional experiment. Using a fresh
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sample from the same boule, selected for highest
possible optical quality, we attempted to observe the
anomaly in the elastic scattering reported by Lock-
wood.

Lacking evidence to the contrary, we initially as-
sumed that the rather sharp peak in the elastic inten-
sity at T = T, reported by Bechtle et al. ' represented
an accurate measurement of the transition tempera-
ture, i.e., that T, = T&. Therefore, based on the
results discussed thus far, we would expect
T, —T +7 K. We performed experiments to check
this assumption and also to search for a finite width
in the peak seen without the iodine cell. In the at-
tempt to resolve the peak width we used a Burleigh
triple-pass interferometer, operated at high resolu-
tion, I;„„=0.25 6Hz. The crystal quality was such
that the integrated intensity in the elastic peak was
only larger than the LA phonon (with qlla ) by a fac-
tor of 14 at room temperature. The elastic peak was
of course instrumentally narro~, while the LA peaks
showed a real full width of 1.05 6Hz, or —5%, most
of which was kinematic, due to the large (f/3. 5)
solid angle of collection.

The anomaly in the elastically scattered intensity in
b(aa ) c geometry (as used by Lockwood) occurred at
a surprisingly low temperature (see below) and con-
stituted an increase by a factor of nearly 2 above a
background. Except for this background which exhi-
bited a gradual minimum near 255 K, the shape of
the intensity anomaly on heating through T, closely
resembled that reported by Lockwood. " On cooling,
the more gradual increase observed on approaching
T, from above (see Fig. 8) continued as T, was
traversed, even by as much as 10 K. On one oc-
casion, the temperature was controlled for 12 h after
careful cooling to T = T, —5 K with no noticeable
change in this intensity. Only when the crystal was
cooled (to -220 K) and heated towards T, did we
observe the behavior reported by Lockwood and
shown in Fig. 8. Both cooling and heating curves
were reproducible on multiple runs in different re-
gions of the sample. It should be noted, however,
that the scattering volume was always chosen for low

elastic scattering above and below the transition. The
integrated intensity in the anomaly at T, on heating
was 10—20& that contained in the LA peak.

In the vicinity of T„careful measurement of the
peak width on heating showed no broadening of the
instrumental response outside an experimental error
of 0.02 6Hz. A width of 0.7 6Hz (-3I';„„),as
predicted by the analysis of Bechtle et al. , "would
have been easily observed.

As mentioned above, the anomaly in the elastic
scattering intensity occurred at an unexpectedly low
temperature, namely 241 K. In view of the large
amount of sample heating present, and the fact that
we used a different temperature sensor, it seemed
important to check this result. To do so, we em-
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FIG, 8, Dynamic (dashed line) and elastic (dots, solid
line) central-peak scattering intensity as functions of tem-
perature below T;, taken on the same apparatus alternately
with and without the iodine cell. The temperature Tz is the
transition temperature inferred from Fig. 3(a).

ployed the tandem Fabry-Perot used for the inelastic
central-peak measurements (Sec. III A). By simply
removing or inserting the iodine cell we could then
observe the elastic or inelastic component of the peak
(the former being stronger by about 10').

Figure 8 shows the results, where we plot both the
light intensity observed without the iodine cell at the
laser, frequency and the inelastic central-peak intensi-
ty observed with the iodine cell, taken on the same
experimental run. The scattering geometry of
b (aa ) c coincided with that employed by Lockwood. "
The inelastic central peak in this geometry is some-
what weaker (30—40%) but otherwise identical to that
observed with q llc, providing further substantiation
of the model represented by Eq. (16). The tempera-
tures T and T„where the two intensities are maxi-
mal, exhibit a clear separation, but in a direction op-
posite that which might be expected, namely
T —T, —6 K. Since the two sets of spectra were
observed on the same run, this temperature separa-
tion cannot be an experimental artifact. We consider
a possible explanation of this behavior in Sec. IV.

IV. DISCUSSION

The main questions that remain, then, involve the
value of the actual transition temperature and the ex-
planation of the variations in the intensity of the
elastically scattered light. We shall also consider the
interpretations of other workers' ' in relation to that
proposed here.

To begin with, we summarize in Table I the tem-
peratures at which the various anomalies occur. We
note that all the measurements in the lower portion
of the table relate to neighboring pieces cut from the
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TABLE I. Various transition indicators in BaMnF4.

Experiment
Indicated temperature

{K)

Other work
Ultrasonic (Ref. 9)
Raman (Refs. 10 and 11)
Pyroelectric (Ref. 4)

Present work
Raman (Tz)
Dynamic central peak

Maximum (T~)
Disappearance

Pyroelectricity dP, /dT
Zero crossing
Maximum

Elastic central peak (T,)

247
255
255

254 +1

247 f1
254 +1

255 +2
241 %1
241 +1

same boule. The different values shown in the upper
portion could be attributed to sample differences,
rather than to differences in the experimental probe.
However, such an objection is not relevant to com-
parisons among the measurements reported in this
paper, since we utilized simultaneous measurement
to maintain correspondence among the various sets
of temperature measurements shown. Clearly, these
various indicators must bear different relationships to
the incommensurate transition temperature, and
could, in fact, indicate the presence of more than one
transition. %e cannot exclude the latter possibility.
In fact, we have no completely definitive indicator of
TI. This situation is perhaps not surprising for so
subtle a transition. For example, the relationship
between T, and the behavior of dP, /dT remains un-
clear at this time, even though the zero crossing does
occur very near T~. Moreover, although the intensi-

ty of the Raman band at 150 cm ' provides a clear
extrapolation to T~ —254 K, the intensity could be
influenced by the presence of large critical fluctua-
tions' and, of course, depends on the temperature
independence of the profile being subtracted in Fig.
2. The other modes appearing below T& are suffi-
ciently weak near T& as to prevent any reliable con-
sistency checks using other modes. The only other
relevant indicator is the central-peak scattering itself,
which peaks at 247 K, but also extrapolates to the
background level near 254 K. It also exhibits a
strong dependence on the magnitude as well as the
direction of q but is substantially T independent over
the entire range where the width is readily measur-
able. This body of evidence must be considered in

light of two limiting possibilities: TI = T or TI = Tg.
Let us consider the first case. If we identify

TI = T, then there is a natural explanation for the
peak in lcp at T . However, it cannot be a process
with scattering allowed in first order in the normal
phase. Hence, the intensity for T ( T ( T~ must
be due to higher order scattering. However, this is
inconsistent with the strong q dependence of 1 for
T & T . Moreover, if the Raman intensity above T
were due to fluctuations one would certainly expect
at least a break in that curve near T, not a straight
line.

On the other hand, the identification T; = Tg ap-
pears consistent with all the data. In this case, the
morphically induced cross section for phason scatter-
ing would grow from zero below T~, as observed
(Fig. 3) between T and Ta. Also, the observed
behavior of the Raman intensity is then explained
automatically and the T independence of I is con-
sistent with the expected phason behavior. More-
over, this identification provides a possible explana-
tion for the peak in P„although the reason for that
relationship must remain unclear until the structure
is known in detail. As we shall see below, based on
this interpretation we may attribute the scattering
mechanism to the coupling of the phason to the LA
phonon. Thus the peak in intensity at T could be
either the result of a temperature variation in that
coupling or the result of a second phase transition.

%e conclude, therefore, that the weight of the evi-
dence favors the interpretation that T& = Tg. In what
follows when we use the notation T&, we refer to this
identification. It should be noted that we have con-
sidered only two limiting cases here. Some inter-
mediate value of TI near T~ should also be consistent
with the above arguments, and would not alter the
discussion below.

The behavior of the elastic scattered intensity
correlates with p —= dP, /dT, with the zero crossing of p
falling at or very near T;. In the data of Glass et al. ,

4

a peak in p (T) is present roughly 15 K below the
zero crossing. It seems possible that the relative
value of p represents a measure of the sensitivity of
the structure of perturbations other than temperature
(such as certain defects, etc. , which may locally alter
T,). In this case, the scattering from static defects of
this sort would contain a term proportional to
[p(T) ]'. The near correspondence between the peak
in the elastic scattering intensity and the peak in

p = dP, /dT may thus be more than coincidence.
However, the value of T, may not be a reliable indi-
cator of a transition, particularly given the apparent
hysteresis in its behavior of warming and cooling,
which suggests a possible domain effect.

The order-parameter symmetry in BaMnF4 actually
requires the existence of four equivalent order
parameters, with different wave vectors. These
modes combine linearly into four normal modes,
only one of which is the Goldstone mode, having
zero frequency at k = ko. In the above discussion we
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FIG. 9. Comparison of the calculated LA spectral profile
with that observed by Lockwood et al. (Ref. 15). The dots
represent the observed profile (with a gain change of 20&& at
the laser, due to elastic scattering contamination of their
spectrum) and the solid line represents the calculation based
on coupling of the quasiharmonic LA mode with an over-
damped phason mode using the width taken from the extra-
polated curve in Fig. 7. A small contribution from the TA
mode active in this geometry is included simply as a super-
position of a quasiharmonic peak in order to more closely
describe the observed spectrum. The overall intensity of the
calculated spectrum has been adjusted to agree with that ob-
served.

have assumed that the other three modes lie outside
the frequency range relevant to the central-peak spec-
tra. Barring an accidental cancellation of large param-
eters, this assumption should be valid.

Our interpretation of the spectra differs from that
given by Lockwood et al. ' %e have reproduced one
of their spectra in Fig. 9. The fit that results from
their model contains four components: the (elastic)
central mode, the TA mode, and two overlapping
propagating modes to describe the asymmetric LA
phonon peak. The central component is instrumen-
tally narrow and the weak TA mode is insensitive to
temperature. Of the two modes used to describe the
asymmetric LA peak, the one lower in frequency is
identified as the phason, in direct conflict with our
interpretation based on an overdamped phason mode.

Let us now consider whether it is possible to recon-
cile the data of Lockwood et al. "with our interpreta-
tion. There is an obvious approach to use, namely,
we can assume that the LA phonon is coupled to the
overdamped phason which we have observed. In
fact, there is reason to believe 9 that all the phason
scattering intensity may stem from its coupling to the
acoustic mode. . If we make the assumption that this
is the case, we can then fix the coupling constant us-
ing the intensity ratio between the central peak and
the LA phonon. That ratio is not known with pre-
cision, but reaches a maximum of about 15% (in in-

tegrated intensity). Using this value, along with the
extrapolated value of the width from Fig. 7 for the

geometry employed by Lockwood et al. "we obtain a
parameter free fit to the LA iineshape which is com-
pared to the reported spectral profile in Fig. 9. Clear-
ly, this model provides a fit to the LA profile of qual-
ity equivalent to that obtained by Lockwood et al. "
and with three fe~er parameters. Moreover, it
describes the central peak reported here, as well. The
extra mode reported in Ref. 13 is an artifact of the
fitting procedure, and will have an apparent intensity
proportional to the coupling constant. Naturally, it is
possible to decompose our calculated LA line shape
in the same manner as in Ref. 13, with the same
results, but we find that parametrization less useful
and, in fact, misleading.

It must also be noted that the weak central peak
observed here, and shown in the calculated line in
Fig. 9 would have been obscured in their spectra by
the tail of the elastically scattered light which is some
600x stronger at its peak. Of course, their model can-
not reproduce that overdamped component which, as
shown by the above analysis, is responsible for the
LA asymmetry. Lockwood et al. have fit their spectra
using a detailed repsonse function, concluding that
no excess scattering is present belo~ -10 6Hz.
However, it is highly questionable whether it is possi-
ble to know the instrument response function in the
requisite detail, especially in view of the fact that the
same data were used previously" to demonstrate the
presence of a singular dynamic central peak. That in-
terpretation has of course been retracted in the latest
version, ' but the fact remains that it is highly diffi-
cult to use an unassisted single-pass Fabry-Perot in-
terferometer to study weak, broad features in close
proximity to strong narrow ones. By the use of the
iodine-cell technique, we have eliminated this prob-
lem in the present work, and have demonstrated that
the dominant new scattering at low frequencies below
T& lies in a diffusive central peak.

The presence of the TA mode does not change the
above analysis in any way: it has been added to the
calculation by a simple superposition. The accuracy
of the data in Ref. 13 is insufficient to allow a de-
cision as to whether there is a corresponding asym-
metry in it as well, as might result from coupling of
the phason and the TA mode. Our model thus con-
trasts with that used by Bechtle et al. ' but that
difference is mainly due to the frequency range in-
volved. They considered a model based on coupling
between the TA mode and the phason. They noted
that pair-wise couplings involving these modes and
the amplitude mode, although allowed, were ap-
parently unimportant. Since the LA dispersion is not
important in the same region of q, they ignored any
role of the LA phonon. Thus, they reduced the
four-mode system to a more tractable two-mode
problem. Since the TA mode scattering is weak and
predominantly depolarized, this TA-phason coupling
predicts a weak depolarized central peak. That such a
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peak has never been observed may simply be a
consequence of weak scattering strength. Even at
very low q, where the observed dispersion is maxi-
mal, its integrated intensity would be only -20% of
that of the TA mode. At higher q, as in our experi-
ments, it would be negligible, especially in contrast to
the contribution from the LA coupling, since the LA
dispersion becomes evident in just this range of q and
the LA intensity is largely polarized and considerably
stronger.

However, a point of conflict does exist between
their interpretation and ours. They assume that the
coupling is q independent, and thus attribute the ob-
served dispersion to a finite relaxation frequency for
phasons at q =0. This is a most unusual behavior, at
least for the pure system. The model of Bhatt and
McMillan predicts I ~ ~ q, while the work of
Boriack and Overhauser suggests that I'~ —q in the
overdamped regime. In either case we conclude that
I p (C 'rA for all q I lc accessible in light scattering:
the two frequencies could cross only at higher q. Ex-
trapolating our measured values of I ~ to the values
of q employed in the TA dispersion measurements,
we predict a phason width on the order of 0.02 GHz,
in contrast to the apparent relaxation frequency of
I, -0.7 GHz reported. '

To clear up this discrepancy, we begin by noting
that their model does not in fact hinge on the as-
sumption that the relaxation process involved is a
single phason. Therefore, we propose that the pro-
cess responsible for the TA dispersion may be a two-
phason process (analogous to phonon-density fluctua-
tions in normal crystals) involving coupling to two
modes on the phason branch at k and k + q. Such a
process would have a finite frequency width for
~q ) 0. If the coupling is independent of q, then the
relevant phason pairs must be restricted to low values
of

~
k —ko~ (e.g. , by matrix element effects) in order

to explain the low value of I,. However, it may also
be that the value of I, is only an apparent value
stemming from a q dependence of the coupling con-
stant, and, in fact, does not represent a true charac-
teristic frequency of the two-phason process involved.
That is, it may be that the coupling of the phasons to
the TA mode increases sharply for

~ q ~

& 10~ cm '.
(If a similar q dependence occurs for the LA mode,
the characteristic ~q) must be —10' cm '. ) We
would hope that a complete model for the interaction
of the acoustic modes with the phason will eventually
provide a consistent interpretation of all these results.

The fact that the intensity of the inelastic central
peak has a maximum at 247 K and dies away at lower
T may relate either to the scattering mechanism or to
the presence of another phase transition. Within the
framework of the model above, where the LA-
phason coupling constant would grow roughly as

~ Qo~

below T& =254 K, it seems more probable that the
maximum is related to a second phase transition. In

the accompanying paper, Scott et at. present specific-
heat evidence for a second phase transition. The
temperature at which the central-peak intensity is a
maximum ( T =247 IO coincides closely with the
lower phase transition they observe.

Based on yet-unpublished x-ray data, Scott et al. '
suggest that the lower phase transition may actually
represent lock-in. We note that such an interpreta-
tion might explain the disappearance of phason
scattering below 247 K. However, the neutron
scattering experiments of Cox et al. ,

' carried out on
samples from the same source as ours, clearly show
ko to be incommensurate. Thus, we doubt that the
lock-in interpretation is correct. We would suggest,
on the contrary, that a model recently proposed for
BaMnF4 by Natterman and Przystawa may be appli-
cable. They find that, within a Landau model expli-
citly including umklapp terms in the free energy,
there may be a narrow temperature range where ko
lies in the ab plane. The second phase transition
then represents a partial lock-in to an incommensu-
rate structure which remains incommensurate along
a only. The applicability of such a model has been
controversial and must remain speculative at this
time, but we note a recent independent report by
Toledano ' that such a structure is allowed by sym-
metry in the case of BaMnF4. Also, such a sequence
of phase transitions has been reported for the case of
biphenyl.

A second possibility is that a phase transition may
occur between the two structures discussed by Cox
et al. '4 If the lower temperature phase is that for
which A & B (in their notation), then it could ac-
count for domains which might exist below T and
might be responsible for the anomalous elastic inten-
sity at T,. It would seem that such a transition must
be first order.

Clearly, much work remains to understand fully
the transition to the incommensurate phase in
BaMnF4. We have presented here an analysis of
central-peak spectra, Brillouin spectra, Raman spec-
tra, thermal diffusivity, and elastic scattering. On
this basis we have suggested a new and consistent in-
terpretation of existing data, particularly with regard
to the transition temperature, and have identified the
polarized dynamic central peak as due to phason
scattering mediated by the acoustic-phason interac-
tion. This interpretation requires identification of
the incommensurate transition temperature as
T~ = 254 + 1 K for our samples, which lies 7 K
above T and 13 K above T„out which coincides
with Tg and with the zero crossing of the pyroelectric
coefficient. We have shown that, within the context
of the model developed previously for T ) T;, the
phason is expected to have a relatively temperature-
independent relaxation time below T; and that the
main anisotropy should exist between the directions
parallel and perpendicular to the direction of incom-
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mensuration. Both these predictions are borne out
by our experimental results. Previous neutron
scattering data' indicate the presence of an anisotro-
py reversed in sign at much higher q, suggesting the
role of other q dependences not included in our
model. We have also shown that any inelastic width
to the scattering anomaly visible without the iodine
cell must be less than 0.02 6Hz. Finally, we have
shown that a simple model assuming coupling of the
phason to the LA mode reproduces the details of the
asymmetric LA lineshape recently reported by Lock-
wood et al. , although our interpretation of those spec-
tra differs from theirs. Remaining questions center
on the explanation of the behavior of p = dP, /dT near
T&, its relationship to the elastic scattering, the possi-
ble existence of a lower phase transition near T, the
details of the phason coupling to the LA and TA
modes, and the structural details of the incommensu-
rate distortion.

Wore added in proof: The neutron scattering investi-
gation mentioned in the third sentence of the text is
reported in Ref. 14. Those workers have recently re-
peated their measurements [D. E. Cox et al. , Bull.
Am. Phys. Soc. 26, 303 (1981)],and find unequivo-

cally that the phase below 247 K is incommensurate
and, in fact, the incommensuration exhibits a slight
temperature dependence well below the transition.
Since our samples are from the same source as those
employed by Cox et al. , we assume here that the
phase below 247 K is incommensurate in our sam-
ples.
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