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Resonant soft mode in Rochelle salt by inelastic neutron scattering
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Inelastic neutron-scattering study of a deuterated crystal of Rochelle salt confirms the existence of a resonant
mode near 25 cm* at 50 K which softens with increasing temperature and becomes overdamped on approach-
ing the phase transition to the ferroelectric phase. We argue that this mode is the regular soft mode of the
ferroelectric phase transition. The analysis of the inelastic neutron-scattering structure factors allows us to
conclude that the soft mode eigenvector involves mainly relative displacements of the same three molecules of
crystal water, which were found in recent structural studies to show the largest static displacements in the
ferroelectric distortion. Weak phonon dispersion alongaheandb* axes leads us to predict the existence of
another resonant mode with a similar frequency and displacement pattern but having a different symmetry.
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Rochelle sal{RS), sel de Seignette (1675) the sodium in the GHz region observed in the vicinity of boih and
potasium tartrate (NaKgE,04- 4H,0) is the first substance T,.}3~*®Later on, dielectric measurements in the submillime-
shown to be ferroelectrit Up to now it appears as the only ter region have shown a resonant lattice mode near 22'cm
system with a re-entrant paraelectric phase:(Iﬁe( P2,11, that becomes soft and overdamped on approaching the phase
Z=4) ferroelectric phase is plunged in tm% (P2,2,2, 7 transition from below® indicating clearly the displacive fea-
=4) paraelectric phase, so that there are two Curie point8ire of the phase transition. Subsequent dielectric measure-
(T,=255 K andT,=297 K). Explanation of this curiosity ments in the GHz regidh have established the coexistence
has motivated a number of studfes,while others searched Of the soft mode with the relaxation mode in a large tempera-
to find quantitative differences between the two paraelectridure region(between 100 and 300 K at least, see also Ref.
phases which may justify quite alternative models. 19). These results prove that the overdamped response of the

In any case the microscopic insight in the phase transitiof@ttice mode is not identical to the previously seen Debye
mechanism is still missing. One of the reasons is that théelaxation. Such situation, where the soft mode is comple-
crystal structure is rather complicated and that the structuranented by a relaxational mode, is typical for the systems
distortion in the ferroelectric phase is rather small. Origi-Which are at the crossover between order-disorder and dis-
nally, it was proposed that the principal displacement is dud®lacive mechanism. The relaxational mode is then not
to ordering of the hydrogen bonds between the O1 and O100unted among thel normal vibrations of the lattice, since
oxygen atomfs (hereafter we use the atom labels of Ref. 8,the atomic displacement pattern associated with both modes
viz. Fig. 1), which happens to be parallel to the direction of is essentially the samliffering only by the amplitude*®
polarization &). Soon after this proposition was ruled dut
and the role of the hydroxyl hydrogen of the O5 oxygen was
considered as principay.

Since then the structural model was significantly im-
proved. The structural studies reported in the last
decadé"?®firmly established that the largest displacements
induced by the phase transition are those of the water mol-
ecules associated with oxygens 08, 09, and O10. Neverthe-
less, in further details differences still persist between the
reported structural models. For example, the recent x-ray
study of the ferroelectric phase in a monodomain satple
seems to show additional displacements of the carboxyl
group O3-C4-04. The structural data in the most recent x-ray
powder-diffraction stud shows a surprisingly large dis-
placement also for the C1 atofso that rotation of whole
tartrate molecules is finally assumedvhile the split atom
model of the paraelectric phase based on neutron diffraction
data! suggests that the O5 hydroxyl group may still play
some role in the phase transition.

The order parameter dynamics seems also somewhat F|G. 1. Projection of the unit cell of Rochelle salt crystal on the
complex in this material. Originally, the phase transition ofa-b plane with atom labels of Ref. 8. The arrows show the displace-
RS was attributed to the order-disorder type, due to the proment pattern of the soft mode, as evidenced by this stsdije-
nounced critical slowing down of a Debye relaxation modematic, see text
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In addition, in order to explain a rather strong temperature 600
dependence of the dielectric strength of the observed rfode,

it was proposed that this soft lattice mode is bilinearly v ~e--T= 50K
coupled to another hypothetical soft mode at higher fre- 590 % R o
quency. Actually, a mode which may play such a role was ’ s T=175K
really found in the subsequent far-infrared spectroscopic ' e T=198K

: T ; ; _ 400 - !
investigations® More precisely, it was found that the experi-

mental data can be interpreted assuming a bare hard mode ¢@
37 cm  with zero dielectric strength bilinearly coupled to a 5 300 -
bare mode with temperature-dependent frequelit4.3
cm ! at 50 K, 68.3 cm?! at 240 K), via a temperature-
independent coupling constant of 2128 ¢mAs a result of

this coupling, the lower eigenmode reproduces the observed
temperature dependence of the frequency and dielectric 100
strength. Nonetheless, the eigenvector change between 5i

and 240 K calculated from this model does not exceed a few
percent. Thus we believe that even though the explanation of 0 . : ' .
the temperature dependence of the frequency, damping, ant
dielectric strength may require some harmonic or anhar- E [meV]

monic coupling mechanls'm, the temperature Changes of the FIG. 2. Inelastic neutron-scattering spectra measured in the 050
lowest frequency mode eigenvector are actually quite small, ) conter for different temperatures.

Consequently, we suggest that the eigenvector of the reso-

nant lattice mode with frequency near 22 cnshould be shown that the soft-mode frequency of deuterated RS is a

responsible for the essential part of the structural displacef—(_}W percent higher but otherwise all the soft mode behavior
ment of the ferroelectric phase, and we will refer to it Simplyremains unchanged.As expected, the results in Fig. 2 are
as tothe soft modef the RS. quite similar to the calculated profiles of Fig. 3, apart from

In this short paper we report on the inelastic neutronyiq gmay| isotopic shift. Taking into account the temperature

scattering study of this soft mode. To reduce.the incoherer‘ﬁ pendence of the background coming probably from both
scattering background, we have used a partially deuterategle oherent and incoherent scattering, there is no big differ-

6 . .
crystaf® of about 2 cr in which the hydrogen atoms of the o .c hetween temperature evolution of the overall intensity

hydroxyl groups and water molecules were replaced. The, rigs 2 and 3. This means that the possible temperature

measurements were carried OhUt on the IN3 and IN12 thregehendence of the inelastic neutron-scattering structure fac-
axis spectrometer$TAS) at the Institute Laue-Langevin s hegiigible. It partly corroborates our claim about rather

(Grenoble, Frande The first part of the experiment, whose small temperature changes in the soft mode eigenvector.

aim was to localize the resonant mode, to explore its disper- £ ¢, rther characterization we have also checked the dis-
sion within the Brillouin zone and to follow the thermal

variation of its damping, was carried out on the cold neutron

200 -

TAS IN12. The instrument was operated in tQe=const.
mode withk;=1.5 A~. We have used a vertically focusing ’
graphite monochromatqiPG002 followed by a 40 Soller B
collimator and a fully focusing PG002 analyzer in an open 6
geometry, combined with a beryllium filter. —_ B
Figure 2 shows the temperature variation of the soft mode *g 5
spectra in the low-temperature paraelectric phase, measure: =
in the 050 Brillouin zone. For comparison, the expected g a4l
spectral profile of this soft mode is shown in the Fig. 3. %
These profiles correspond to the response fundt{ar) of a = 3L
damped harmonic oscillator with the oscillator frequeiagy
and the damping constahttaken from the previous submil- 2 L
limeter dielectric measurements on nondeuterated®Ra)I-
tiplied by the Bose-Einstein temperature factor, i.e., 1L
0
f(o)=[Nn(w)+1]Im —— 5| (1) -1
w —lowl —wj E [meV]

Deuterated RS is known to have only slightly different prop-  FiG. 3. Simulated response function of the soft mode in Roch-
erties, for example the temperature interval of the ferroeleceiie salt, as expected to appear in the inelastic neutron-scattering

tric phase is somewhat largéwith T,=251 K andT,  spectra. The curves correspond to temperatures of 50, 100, 150,
=308 K).> The measurements between 90 and 190 K hava7s, and 200 K.
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persion of the soft mode along the two principal directionsusually associated with a normalized mass-reduced eigenvec-
a* andb*. The dipole moment of the soft mode is orientedtor of a dynamical matrix [u,,=m,"%,(x,q=0)],
along thex axis, so that the two dispersion curves may ex-exy —W,(K)] is the Debye-Waller factory,, is the relative
trapolate to two different frequencies, o and wro. How-  positionaly coordinate of the atomu with respect to the
ever, we could not observe such LO-TO splitting which position of the twofold axisC,(z) and the summation is
means thatw o— oo is smaller than 0.2 meV. This is in assumed to be performed over all atoms in an asymmetric
agreement with the rather small dielectric strength found irunit cell with a single formula unit. The above expression
the optical investigation$. The overall dispersion in the coincides with the expression for the usgstatio structure
Brillouin zone is less than 10%, showing that the soft modefactor of the &0 Bragg reflection in the ferroelectric phase,
belongs to a flat optical branch. It may be thus expected tha§rovided that theu,, , are replaced by the components of the
there exists at least one other mode of about the same frefrgzen” ferroelectric distortion.
quency, similar displacements but opposite phase between According to all recent structural studi&s®'%?%he larg-
some of the symmetry related formula units, and thus ofststatic ydisplacements in the ferroelectric phase are found
different symmetry. Search of the antiphase mode by lowfor the water oxygen atoms 09 and 010, and these displace-
frequency Raman spectroscopy is now in progress. ments are in a mutually opposite sense. We have verified that
The essential advantage of inelastic neutron scattering ighe 050 reflection intensity is practically determined by the
the access to the information about the phonon eigenvect@iontributions of 09 and 010 atoms only. This special situa-
via One-phonon structure factors. For this reason, we ha.VﬁonS arises because the re|at'by/eoordinates of these oxy-
measured the Scattering intenSity due to the soft mode at %bn atoms are accidenta”y very close to the Subsequent mul-
K'in the I" points of about 80 different Brillouin zones in the tiples of 1/10(3/10 and 4/1Q That is why the cos(aky,,)
hkO plane. Among them, the Brillouin zones 800, 390, 190,factor in Eq.(2) just changes the sign of the O9 contribution
050, 540, 580, 070, and 044 have shown the strongest signalnd displacements of both oxygen atoms are summed up to
Part of these measurements was carried out on the IN3 TA§roduce a large total structure factor. This fortunate combi-
at a thermal neutron guide, providing access to a larger ranggation is partly lost in the case of the neighboring odd reflec-
of the reciprocal space. In order to avoid the strong backtions, where the contributions of 09 and 010 oxygen atoms
ground due to inelastic scattering of thé2 neutrons, we get diminished by the phase factor. In the case of neutron
have worked with a filtered incident beam at constent scattering on deuterated RS one has to consider also the con-
=2.662 A! (graphite filtey. The energy of the scattered tributions of deuterium atoms attached to 09 and 010. How-
neutrons was analyzed by a horizontally focusing analyzegver, when assuming that thesg@molecules displace as
using bent perfect Si 111 crystals. In agreement with theyhole, almost the same results are obtained.
selection rule¥’ imposed by theB; symmetry of the soft The presently observed clear superiority of the 050 over
mode, we have observed this mode neither in the Brillouing|| other (kO phonon scattering intensities is enough for an
zones &0 with k even nor in theh00 Brillouin zones witth  analogous conclusion: The antiphase shifts of the 09 and
odd. Obviously, the collected intensity data are not sufficiento10 water molecules in directiongive the principal contri-
to determine completely the soft-mode eigenvector for gutions among the/ components q,.,) of the soft mode
structure with 28 atoms in an asymmetric unit cell. Never-ejgenvector.
theless, the analysis of the relative scattering intensities in Quite analogously, the one-phonon structure factors in
the evenh00 and odd @0 Brillouin zones provides some h00 positions allow to analyze the displacements in xhe
insight into the most important displacements alongthed  direction. This direction is even more interesting since it cor-
y directions, respectively. responds to the direction of the spontaneous polarization in
In the case of the KO reflections, we have observed that the ferroelectric phase. Here the soft-mode scattering is the
the soft-mode signal is clearly the strongest in the 050 Bril-strongest in the 800 Brillouin zon@ has actually the stron-
louin zone. Note that the 050 Bragg reflection is just thegest intensity among all investigated zone centeZearly,
strongest one among the odk® Bragg reflectiongboth  the problem with displacements along thdirection is more
x-ray and neutronthat appear in the ferroelectric ph&se complex than in the direction. First of all, there are no new
and its intensity is directly proportional to the square of theBragg reflections induced by the phase transition. Second,
polarization?! Such coincidence is in a good agreement withthe previous structural studies have proposed that the ferro-
our claim that the eigenvector of the observed mode correelectric distortion may include displacements alongfut-
sponds to the order parameter. rection for a number of different atom&%12In fact, the 800
The inelastic neutron-scattering structure factor for theintensity can be accounted for just by assuming the mutually
one-phonon scatteriigon aB; mode in an odd RO zone  opposite displacements of 08 and 010 water molecules,
can be written as which show largest displacements in theélirection accord-
ing to the two most recent structural studfé$.It turns out
that thex coordinates of the oxygen atoms O8 and O10 are
F(0k0)=42, b,(u, k)cog2mky,)ex —W,(K)], again close to even and odd multiples of 1/16, respectively
(2)  (near 4/16 and 1/16 in this casewhich is favorable for
summing up their contributions to the 800 structure factor if
whereb , is the coherent neutron-scattering length for atomtheir displacements go in the opposite sense. Thus we be-
M, U, is the displacement of atom along the directiory, lieve that the antiphase shift of the O8 and O10 water mol-
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ecules in thex direction, observed in the ferroelectric dis- due to the out of phase vibration of the O8 and O10 water
placement, has a counterpart in large and opposite values afolecules, while in they projection the largest vibrational

x components {,, ,) of the soft-mode polarization vectors amplitudes correspond to the out of phase vibration of the
belonging to the water molecules associated with O8 an®9 and 010 water molecules. All these findings supports our
010, respectively. These findings clearly support our conjecclaim that the investigated 22 crh resonant mode plays the
ture about the soft-mode character of the investigated phqgple of the soft mode. Further, it was found that the soft
non mode. Obviously, the additional smadlcomponents mode belongs to a rather flat optic branch, which is in agree-
(u,.x) not revealed here may bear the above-mentioned temyent with the order-disorder aspects of the phase transition

perature dependence of the dielectric streffjtr, may turn [as, for example, in SiP,S; (Ref. 23]. Due to the nonsym-

out to be in another way important for the complete undery,,.ohic symmetry of the structure, this also strongly favors

Slaning of e e anon MeChan. Houever, e existence ofa east ne ather zone.centr e of -
P y erent symmetry (“Davydov-splitting-type” partney.

theTﬁP;onr(;r;:r:??gg/&%orrgvggrs I(ijnelﬁ)lgtween revious StruCg:omplementary elastic neutron-diffraction study in the ferro-
P P P electric phase which would allow to extract the complete

tural and spectroscopic investigations: It was established th%rymmetry breaking distortion including the displacements of
the resonant soft mod@ear 22 cm* at 50 K in nondeuter- deuterium atoms is under preparation

ated RS, which becomes overdamped near the phase transi-
tion, involves a correlated motion of three of the four crystal ~ This work has been supported by the Czech Grant Agen-
water molecules. These are the same three water molecule®s (Project Nos. A1010828 and 202/98/128%/e express
which are known to contribute most significantly to the staticour gratitude to A. A. Volkov from Institute of General
ferroelectric displacemer(see Fig. 1 As in the static dis- Physics RAS in Moscow for providing the excellent crystal
placement, the largest displacement in thprojection are  of deuterated Rochelle salt.
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