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Direct Observation of a Phason Gap in an Incommensurate Molecular Compound
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We report the results of an inelastic neutron scattering study of the lattice vibration spectra in the
normal and incommensurate phaseg@iCsD,),S0O,. Because of unusually low soft mode damping,
a finite value of the phason frequency at the satellite position is observed for the first time. The soft
mode frequency saturation in the normal phase and this phason gap are consistent with the dynamical
nature of the observed central peak. [S0031-9007(98)07373-6]

PACS numbers: 61.12.—q, 61.44.Fw, 63.20.Dj

Some crystals undergo a structural phase transitiotransition at7; = 150 K [10]. The IC phase is known
(SPT) from a high temperature normal (N) phase to &o persist down to the lowest temperatures. X-ray [11]
structurally incommensurate (IC) modulated phase at and neutron [12] diffraction have shown that the wave
certain transition temperaturg;. In the IC phase, at vector of the incommensurate modulatiap, = 0.78b*
least one physical property is periodically modulated in[13] varies smoothly with the temperature in the whole
such a way that the characteristic wave vector of thdC phase. One can note also that this IC wave vector
modulation q; is irrational with the reciprocal lattice always remains far from a high symmetry point of the
vectors of the N phase. As a consequence, the initiaBrillouin zone and that the misfit parameter is far from
phase of the modulation wave is arbitrary, and the ICa simple rational pinning value. Besides, the existence
structure is continuously degenerated with respect to aof strong higher order satellites at a very low tempera-
arbitrary phase shift allowing the existence of speciature [12] suggests that the static modulation is no longer
low energy excitations termed “phasons” [1,2]. Thesinusoidal far belowr;. Structural analyses made by
lattice dynamics of structural IC phases was the subject-ray [11,14] and?’H-NMR experiments [15] have sup-
of many experimental studies; a review being given inported this assumption. Information on the dynamics
Refs. [3] and [4]. In spite of the fact that the phasoncame from light scattering [16,17] and from resonance
effects were clearly observed in the nuclear magnetitechniques although with contradictory results [10,18,19].
resonance (NMR) experiments (see Refs. [5,6]), the direct The inelastic coherent neutron scattering experiments
observation of phasons by inelastic neutron scatteringresented here were made on a cold neutron source
remains rather scarce. For order-disorder SPT the reasdrple-axis spectrometer 4F2 at the Laboratoire Léon
is that the relaxational order parameter dynamics is, iBrillouin at Saclay (France). The fully deuterated sample
the known cases, slower than the characteristic neutrowas a0.3 X 0.7 X 1.2 = 0.25 cm?® single crystal grown
scattering energy resolution [6,7]. Besides, for displacivéby the Bridgman technique. The mosaic spread was
SPT, in most cases the overdamped nature of the phaséound, by neutron diffraction, to be abo®5’. The
hinders its neutron observation in the vicinity of theinelastic constan® spectra were recorded with a fixed
satellite reflections, i.e., just in the region of the mainincident wave vectork; = 1.20 A~! (3 meV incident
interest. In some favorable cases, however, the dampingnergy) with a frequency resolution afw = 20 GHz for
is relatively small making possible this observation. Suchaccurate measurements close to the satellite position. A
an opportunity is provided by a molecular crystal: bis(4-beryllium filter was used to avoid contamination of higher
chlorophenyl)sulfone (BCPS) also characterized by arder harmonics in the incident neutron beam and no
broad temperature range IC phase. collimation was used during the experiments. The typical

Here we report results of the neutron scattering study ofesolution in the reciprocal space was abouin7 A~!
the order parameter dynamics in this compound. We shatiear the (0 1.22 2) satellite position. A sample oriented
argue that the central peak (CP) phenomenon, which im the (b*, ¢*) plane of the reciprocal space was cooled
also of importance for many “ordinary” phase transitionsin a Displex allowing a temperature control better than
(see, e.g., [8]), leads to a nontrivial effect in the phasorD.1 K.
scattering spectrum. The soft branch, emanating from the lowest transverse

BCPS,(CIC¢D,4),SO;,, is a molecular compound crys- acoustic branch, has been measured along the modulation
tallizing in the monoclinic 12a structure in the N phase direction showing a well-defined minimum at the satel-
[9] which undergoes a second order displacive IC phaséte position, even at room temperature [20]. This result
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agrees with lattice dynamics calculations [21]. The maincomponent SM line into two parts is clearly revealed.
characteristic of this molecular compound is the excepThe highest frequency mode becomes stiffer when the
tional low damping of its soft mode (SM) in the high temperature is lowered as expected for an amplitudon
temperature (HT) phase. This allows one to observe amode, and its frequency and damping extracted from the
underdamped soft phonon down to a few K above thespectra follow, with good agreement, the same parameters
transition temperatureT{ + 10 K). The spectra in the gathered from Raman light scattering [17]. The second
inset in Fig. 1 show the SM side component plus a resomode is observed to be temperature independent, at least
lution limited CP (discussed below) growing from aboutin the accuracy of these neutron experiments. It is the
T =T, + 50K =200 K. The inelastic spectra have phason because (i) it emerges from the soft mode along
been fitted assuming a classical damped harmonic osciwith the amplitudon, (i) its intensity follows the Bose
lator for the SM side component giving the frequenciespopulation factor while for an acoustic phonon one should
reported in Fig. 1. From room temperature to 160 K, theobserve additional temperature dependences following the
SM inelastic structure factor (ISF) has been found conBragg-satellite peak intensity, and (iii) its frequency is not
stant, and we have expected that to be the case down #@ro at the satellite position which is forbidden for an
the transition temperaturg;. Close to7;, we have as- acoustic phonon. A direct measurement of a CP response
sumed, furthermore, @-independent damping for the soft has not been possible because of the presence of the Bragg
branchI'(q,T) = I'(T) in the vicinity of q; (as has been satellite peak ad;.
checked experimentally) allowing one to extract a damp- Both LT modes have been fitted by a damped
ing from its dispersion af; + 1 K. As seen in Fig. 1, harmonic oscillator function with some constraints.
the squared SM frequency displays a linear behavioBince the two new excitations are linear combina-
with the temperature (with a slopgy =~ 350 GHZK™!),  tions of the SM coupled normal modes [2], their
but reaches a finite value at the transition. The fredamping is supposed to be equal to the SM one
quency gap is aboubgsyv(qy,77) = 78 = 4 GHz with a  TI'y(T) = I's(T) = I'sm(T), whereas their ISFs are
dampingl'sm(7;) = 160 = 20 GHz (the error bars corre- expected to be|Fi,,s (Q+,T)> = |Fin.a (Q+,T)|* =
spond to extremal fitting values compatible with the above%“:in,sM (Q=,T)|?, where Q- =G = q, + k in the
conditions). neighborhood ofq, [22]. In our experiments, both
In Fig. 2 are reported the consta@tinelastic spectra conditions cannot be fulfilled simultaneously. During
in the low temperature (LT) phase closedo. As can the fitting procedure we have imposed the first condition.
be seen from the spectra, the splitting of the HT sideye have also kept equal the phason and amplitudon ISF
in the whole temperature range and, close onlyTto
their ISFs have been made equal to the half of the SM

- one (as it should be for the harmonic case). The set
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FIG. 1. (o) Evolution of the squared SM side component 200"

frequency vs temperature gt= q, for 0 = (0 1.22 2). The 100 =%

straight line is a fit (see text). o] Inverse of the total be 04 w02 0 o206 o4
integral intensity (side plus central components) vs temperature Energy (THz)

in the region where both the SM and the CP are observed

(dashed line is a guide to the eye). The inset shows th&IG. 2. Inelastic coherent neutron spectra in the LT phase
constantQ spectra (on a semilogarithmic scale) at the satelliteclose to q, for different temperatures. The zero frequency
position emphasizing the side and central peak componentsomponent of the spectra is due to the Bragg satellite peak,
The incoherent elastic contribution has been subtracted frorthe elastic incoherent scattering, and, presumably, to the cen-
the spectra. tral peak.
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of parameters extracted from the fits according to thelerdamped modes in both the HT and IC phases, but the
above conditions are reported in Fig. 3. The amplitudoroccurrence of a phason gap in these crystals has not been
frequency is observed to follow, with a good agreementconclusively established by the authors [24,26]. All of
the light scattering one (dotted line in Fig. 3a), whereaghe other compounds present a highly overdamped pha-
the phason frequency is found to be constant with &on atqy, ruling out the possibility of alirect observation
mean value ofoy = 90 = 10 GHz fromT; down to the of a phason gap. Thus, the observation of the SM side
lowest measured temperature (19 K). Another importantcomponent frequency saturation with a related CP and,
point is that, within the error bars, we have a continuityespecially, the direct measurement of a gap in the phason
of the frequencies through the transition with nearly thebranch constitute a very first direct experimental result.
same gap for the phason in all of the LT phase as the one The existence of the CP phenomenon in the HT
observed for the SM branch @t. One can note that high phase has been shown in several compounds presenting
resolution light scattering experiments [17] concluded toa structural phase transition, including IC ones. It is
a gap of the same order for the amplitudorfatand very  now well known that the CP is intimately connected to
low temperature specific heat experiments [23] foundhe saturation of the SM side component frequency in a
a value for the phason gap compatible with our datadisplacive second order phase transition. Both theoretical
The phason width saturates gradually over 100 GHand experimental studies have been made concerning the
(full width at half maximum) at a very low temperature, CP during the past years (see, e.g., [27]) but, presently, no
whereas the amplitudon damping behaves roughly likeinique and fully accepted description exists and several
the one observed by light scattering. gquestions remain unresolved: has the CP an “intrinsic”

Splitting of the SM into two new excitations, namely, (i.e., existing in ideally pure systems) or “extrinsic”
the phason and the amplitudon, has been reported Hyefect induced) origin and does the CP response include
inelastic neutron scattering in several materials: potasa dynamical part? It is now clear that a CP, together
sium selenate (KSeQ), thorium tetrabromide (ThBy  with a soft mode gap &f;, exists even in highly purified
[3], biphenyl [3,24], and, more recently, in betaine cal-and defect-free samples, for example, in Sili@here
cium chloride dihydrate [25]. Among these compoundshigh quality samples are now commercially available,
only ThBry; and biphenyl under pressure show well un-leading to the conclusion that the CP results in an

intrinsic mechanism. But, it is also known that its strength

and the soft mode gap are enhanced with the defect
T T concentration, although it is less evident for the latter
] in neutron scattering experiments [28]. So, if the CP
is defect related, it is on a wide range of concentration
and the relation between the CP intensity and the defect
concentration is not trivial.

Looking for a dynamical CP can be made independently
from its microscopic origin. A simple phenomeno-
logical model developed earlier to describe the CP in
strontium titanate gives a coherent description of the obser-
] vations in the HT phase [8]. In a Landau-type phenomeno-
- logical treatment, this model expresses the existence of a
linear (in the first approximation) coupling between the
order parameter associated to the SM and a variable with a
Debye-type relaxation behavior [29]. As a consequence,
the total SM spectral response function is composed of
two contributions, well separated under some conditions

. e ] : . ®) generally fufilled [8], namely, a side component SM and a
% s 100 10 0o 250 300 Lorentzian-shaped CP (not resolved by neutron scattering).
Temperature (K) Fc;r q = q,, the SM renorrr12alized frequency becomes
FIG. 3. (a) Frequencies of the amplitudon and phason afom(o’ T) = aSM(T._ TI.) +. ¥ .WhICh. describes quite
q =~ q, VS temperature. The dotted line is the fit of the yveII our data (straight line in Fig. 1) with the temperature-

amplitudon obtained from the Raman experiment (Ref. [17])independent  coupling  parameterd = w.(0,T;) =
and the dashed area indicates the temperature range where batly (g5, T7). The fact that the total SM intensity is

the SM side component and the central component are pfese%’oportional to(T; — T)~' (see Fig. 1) supports the
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in the spectra. Solid line: Same fit as in Fig. 1. Dash-dotte ; ; ; ;
line: Guide to the eye. (b) Damping of the same modes. Soli ssumption that the CP is of a dynamic nature in BCPS

lines are guides to the eye, the dotted line stands for the Ram olid circles and dashed line in F_ig. 1). .
experiment. Error bars stand for extremal values compatible L€t us recall that the phason in an IC phase displays
with the fitting conditions (see text). basically the same properties as those of an ordinary soft
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mode at the transition temperature. In the CP situation thies found in the phason branch in the whole IC phase.
total dynamical response at the transition has side comp®ithin the neutron accuracy, this gap has been observed
nents at a finite frequency together with a critical centrako be temperature independent. We argue that one could
peak. It is then natural to expect that the same situatioreasonably assume that both the SM frequency saturation
may take place for the phason because of the continuity aind the phason gap are of the same microscopic nature,
the parameters through the IC transition. Therefore, onencluding a dynamical CP in both phases in the spectral
can easily extend the model to determine the spectrum agksponses.
the amplitudon and phason in the IC phase. One has now
to assume the real and imaginary part of the complex order
parametem = (71, 172) that, in the IC phase, can be asso-
ciated, respectively, with the longitudinal (amplitude) and
transverse (phase) fluctuations linearly coupled to some re-
laxational variablef = (¢4, &) with the same symmetry [1] A.W. Overhauser, Phys. Rev. & 3173 (1971).
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