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Modulated phases in BCCD and water molecule vibrations
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Polarized Raman spectra of BCCD were studied in the broad spectral range 5—-36barahin the wide
temperature interval 12—292 K with the aim to outline in detail the peculiar dynamics of the water molecules.
The analysis of the experimental results revealed that the water molecules have to be considered as active
partners in the whole process that determines the wealth of structural phase transitions in BCCD.

I. INTRODUCTION ing layers normal to the direction, and lying in then planes
aty=1/4b andy=3/4b. These layers are interconnected by
Betaine calcium chloride dihydrate H bonds (Cl--H-0O3) between the inorganic “Ca” octahe-

(CHg)3NCH,COO - CaCl, - 2H,0, BCCD for short, is a dra. This system of H bonds is completely different from that
solid hydrate. We report a relationship between its interestobserved in betaine arsenate or in betaine phosphate.
ing properties and the peculiarities of hydrogen bonds. As As was shown by Brileet al* the betaine and Ca octahe-
Raman scattering revealed itself as a powerful technique ifira exhibit large-amplitude librational motion in the plane
solid hydrate research, we have performed a detailed study @round hypothetical axes lying in the planes, being the
Raman spectra in order to bring to light the role played byamplitudes of the betavl[ne librations much larger than those of
hydrogen bonds at the successive phase transitions in BCCthe Ca octahedra. DVak'® has suggested that these large-
At room temperature BCCD crystallizes in its nornis) amplitude librations could be associated with the lowest-
phase(space grouf®nma with four formula units in the frequency Raman and IR active modes and proposed to con-
unit cell. It is a one-dimensionally modulated syst¢m  Sider these librations as very relevant critical degrees of
= 5(T)c* ] and exhibits an especially rich variety of modu- freedom in the phase transitions. The corresponding four
lated phases, being one of the best examples of an incowest lying modes at 27 cht (Byg), 23 cni* (Byg), 16
plete devil's staircas&® The translational symmetry of ¢m ' (By,), and 20 cm* (A,) were previously observed in
BCCD in the low-temperature ferroelectfi€E) phase below Raman®and IR(Ref. 19 spectra. Afterward$, the formula
46 K and in theN phase above 164 K is the same. Theunit of BCCD was considered as a rigid entity and the cor-
temperature ranges of stability of the principal phases at nof€sponding 12 translations and 12 librations were searched in
mal pressure are presented in Table I. An extensive review ¢he low-frequency regioibelow 100 cm') by means of a
the information available up to 1998, concerning BCCD, wassubmillimeter and far IR spectroscopy technique and the cor-
published recently by Schaack and Le Mdite. responding results were compared with the previously re-
Previous Raman investigations of BCORefs. 12 and ported Raman daté.
13) were performed in a restrict spectral region and focused Recently Hiinkaet al** treated the betaine molecules and
on the study of low-lying excitations with the aim to detect
amplitudon and phason modes in the incommensuthit€) TABLE I. Domains of stability of the principal phases in BCCD
phases and folded optical and acoustical modes in the diffetat normal pressuréRefs. 8 and 10
ent commensuratéC) phases. Recently, pseudophason gap
in the fourfold phase of fully deuterated BCCD crystal wass=m/n Temperature rangeK) (Supeispace group
successfully determined by means of a careful analysis of
polarized Raman specttd.Very recently, the temperature

rmal above 164 Pnma

dependence of the bare amplitudon mode frequency was prd¥¢ 128-164 P(Pnmg):1sl
posed by Gregorat al!® 2/7 125-127

At room temperature the €& ions and the betaine mol- INC 115-125 P(Pnma:1sl
ecules occupy positions in tmemirror plane. The C& ions  1/4 76-115 P2;ca
are coordinated by two Clions, two water molecules and 1/5 53-75 P2,2,2,
two oxygen atoms O1 and QRere we use the labels intro- 1/6 47-53 P2,ca
duced in Ref. % of the carboxyl group of the betaines. The g1 below 46 Pn2,a

structure is characterized by zigzagged chains asrigrm-
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also the Ca complexes as rigid units.(Ref. 21 the desig- range of the phase transition sequence in BCCD.
nation “octahedra” was fairly replaced by “complex” and it
will be used in the following. The lowest phonon branches, Il. EXPERIMENTAL DETAILS

which represent essentially librations and translations of each .
entity as a whole, were calculated from a semimicroscopic Folarized Raman spectra have been measured on samples

model and compared with neutron-scattering datEhe cor- in the form of carefully oriented and optically polished rect-

responding lowest lying optical branches as well as théngular parallelepipeds63x 2 mn? with the axesX, Y, Z

acoustical ones were found below 2 THz 70 cmi %), It parallel to[100], [010], and[001], respectively. The crystal-

was shown that the soft-mode branch is related with whal®9raphic axes were determined with an accuracy-af by

was called ‘easy rotations’ of both entitiéSa complex and  XTaY diffraction.

betaine moleculearound their respective axes lying in the RaTan spectra were excited using the polarizeql light of
mirror plane. an Ar" laser Coherent INNOVA 90N=514, 5 nm in a

So, all the previous spectroscopic investigations were follght-scattering geometry. The scattered light was analyzed

cused on the very low-frequency region and were related t§/SiNg @ Jobin Yvon T64000 spectrometer equipped with a
the rigid-body degrees of freedom. Although it was a goodcharge-coupled devickcCD) and a photon counting detec-
assumption to consider the betaines as rigid units when an&2"- The spectral slit width was about 1.5 ch ,

lyzing external vibrations of the crystal, it is obviously rather 1 ne Samples were placed in a closed-cycle helium cry-

questionable to assume the rigid behavior of the Ca comple2Stat with temperature stability of abort0.2 K. The tem-
When coming back to the coordination ofCaions, it is perature was measured with a silicon diode attached to the

important to outline that O1 and O2 oxygens from the carSample hoIder and the actual sample temperatures were esti-
boxyl group are not symmetrically equivalent. In fact, _mated to differ by less tim1l K from the temperature read-

Ca—O1 and Ca—O2 distances are different and their valud89S- The temperature homogeneity in the sample was

are 0.2281 and 0.2249 nm, respectivtlgesides, the 01 achieved with a copper mask setup.

oxygen is involved into a carbonyl bond with the C4 atom of

betaine(C4=01), while O2 is not(C4-02. The two CI . EXPERIMENTAL RESULTS

ions and the two KO molecules form symmetrical coordi-

nation with the cation Cd, and the water molecules form

hydrogen bonds with Cl ions in the neighboring Ca com- _ The lattice dynamics of BCCD in thé phase is described

plex and link layers which are parallel to tmeplane aty  in terms of 333_opt|cal a_nd 3 acoustical V|brqt|onal modes.

=1/4b andy=3/4b. According to x-ray-diffraction(XRD) Thr-__\re are 294 mternal vibrations of the betaine molecules,

datd obtained in theN phase, the water molecules occupy 24 mternal ylbra§|ons of the water molecules, and 105 exter-

eightfold positions withC, site symmetry. The O3 oxygen nal optlpal v.|brat|.0ns. Standard factor-group analysis for ex-

atoms of the water molecules are coordinated t6 @ms ternal vibrations in theé\ phase yields

and both the protondH7 and H8 of the water molecule are

oriented towal?d the Cl ions, so the two water molecules Texi=14Ag+ 13819+ 14B2g + 13854+ 13A,+ 138,

and the two CI ions form a slightly distorted parallelogram +12B,,+13B3,. 1)

with hydrogen bonds O—H - Cl along each side. In fact, it

is important to emphasize that corresponding interatomic dis- External vibrations of the water molecules and GaGay

tances of O3—H7- - Cland O3—H8- - Cl bonds are different pe considered as internal modes of the Ca complex. Raman

in the N phase: 0.3239 and 0.3195 nm, respectively. As active external vibrations of the water molecules, localized in

result of such a coordination, the internal angle of the wategeneral positions, can be easily obtained:

molecule is smaller (103°) than in the free molecule (104°).

Moreover, O3-H7 and O3-H8 interatomic distances have Ty, ng(H20) =T (H20) =3Ag+ 3B+ 3B,y + 3Bs.

been found significantly different: 0.082 and 0.089 nm, re- 2

spectively. Therefore, as follows from the topology of the

hydrogen bonded network, the water molecules in BCCD are As it is known?? the librations of the water molecules in

involved in unequally H bonds. These peculiarities havesolid hydrates are normally observed in the relatively broad

never been taken into account when analyzing the resulispectral range from 350 to 900 crh and translations in

concerning the lattice dynamics of BCCD, aItho?J@the between 100 and 350 ¢m. Raman spectra of BCCD were

phase transitions in hydrates would often be strongly assoctompared with the corresponding spectra of a partially deu-

ated with the dynamics of the water molecules. terated sample where only protons in the water molecules
It is clear that the two rigid-bodies approdtttan be and partially in the CH and CH groups are replaced by

applied in the high-temperature rang&lC and N phases  deuterons. This comparison allows the identification of water

where the amplitudes of thermal vibrations are sufficientlytranslations, using the isotopic shift ratig, /wp=1.05(see

large to neglect the differences of the interatomic distancegable Il). The water librations were safely detectedirand

as well as the asymmetry of the Ca complex. As a consezzgeometry at 570 and 584 ch, respectively. These peaks

guence of these considerations a question is addressed: whyhibit typical broad line shapes and a perfect shift in deu-

and when do easy rotations become hard? With this motivaterated sample with the rati®y /wp=1.37. Similar finger-

tion we have carried out a detailed Raman study in the regioprints were found in other geometries.

of external and internal vibrations, that clearly shows the As the internal vibrations of the betaines appear above

importance of the water molecules dynamics in the overalB00 cm %, only 11A4+10B,4+11B,4+10B3; Raman ac-

A. External vibrations
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TABLE II. Frequenciedin cm 1) of Raman peaks observed in Y(ZZ)X
BCCD at 172 K. All peaks below 100 cm were also reported by

Ao and SchaacKRef. 12. The star stands for modes shifted in /
deuterated sample with the ratig, / wp=1.05.
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224 FIG. 1. Temperature evolution of Raman spectra of BCCD in

the region of the water librations.

tive modes due to the external vibrations of betaines, cacithe second component of the doubiéf2 and 620 cm')

and water translations are expected below this frequency@Ppears from IR spectra. Apparently due to rather flat disper-
Experimental Raman spectra in the corresponding scatteringjon of this branch all modes aj=ngo (go=4c*, n
geometries were fitted with a sum of damped harmonic os= 1,2, . . . ) have identical frequencgor separation is small
cillators (DHO). At low temperatures Raman peaks are bettecompared with the finite linewidthin all the C phases and
resolved, so we have analized spectra recorded at 172 K @nly the zone-edge value of this branch has a lower fre-
order to compare experimental data with factor-group calcuduency (595 ci®).

lations. The low-frequency spectra of BCCD are very rich

(see Table i and below 240 cm* we observed most of the B. Internal vibrations of the water molecules

lines expected from factor-group analysis:A}1l 10B,4,
7B,y and 834. Raman spectra iax geometry B,,) are
very weak, so the agreement between experimental data al
factor-group analysis is not as good.

The water translations do not exhibit any significant tem- I'(v7) =T (v3)=T(v3)=Ag+B1g+Byg+ Bsg+ A+ By,
perature dependence on cooling down to 12 K. A weak hard- 4B. 4B 3)
ening and activation of IR polar modes were observed in the 2u’ 23w
low-temperature Raman spectra due to changes of selection
rules, as expected. Raman spectra were examined for differ- T
ent scattering geometries and details will be published 7 °®*.,.
elsewheré? e

The temperature evolution of Raman spectra of BCCD in _
the region of the water librations Zzgeometry is shown in
Fig. 1 and the temperature dependence of their frequencies it
presented in Fig. 2. Below; =164 K the hardening of some
modes is clearly visible and at about 125-130@tkis is not
related to the existence of the 2/7 phase found precursor : ;
effects of the lock-in transition disclosed by a second com- 590 S Do,
ponent. A new line emerges near 600 ¢mand becomes : :
clearly resolved inside the 1/4 phase, due to a rather fast
decreasing of the linewidth of the low-frequency component 380
centered at 595 cnt. The low-frequency component of the . : : :
doublet disappears abruptly at the transition to the nonmodu- 0 50 100 Temlz‘;amre (K§°° 20 300
lated FE phase that implies a zone-edge origin of this band. P

The high-frequency component exhibits hardening and a FIG. 2. Temperature dependences of the frequencies of the wa-
further splitting which is poorly resolved in 1/4 phase butter librations shown in Fig. 1. Vertical dotted lines mark the phase
becomes perfectly resolved below the temperature range @fansition temperatures. Dashed lines show the trend of the modes
stability of this phase and in the FE one. We conclude thatvhich are unresolved.

As the factor-group analysis for the internal vibrations of
H&e water molecules iN phase yields:
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FIG. 3. Raman spectra of BCCD at room temperature in the
region of the stretching vibrations of the water molecules for six
scattering geometries.

FIG. 4. Raman spectra of protonatéte upper spectrupand
partially deuteratedthe lower ong BCCD in the region of C—kD)
and O—HD) stretching vibrations.

each of three fundamental modes has only one componefiolecules occupy two sets of fourfold general positions in
allowed in a particular scattering geometry. Room-the unit cell and hav€,, symmetry, the factor-group analy-
temperature Raman spectra of BCCD in the region of intersis yields

nal vibrations of the water molecules are shown in Fig. 3.

The O-H stretching modes of the water molecules in BCCD C(v))=T(vy)=T(v§)=2A1+2B,+2A,+2B,. (4

have been found to shift to lower wave numbé&smpared

to free water molecule valuesy{=3657 and vy  Therefore in the FE phase all modes become both IR and
=3756 cm ) as is usually observed in solid hydraté§he =~ Raman active and one would expect tw§ and two vg
intensity of the symmetrical stretching mode is usually muchcomponents in each species. The numberjpnd vz com-
higher than the intensity of the asymmetrical one, so weponents in the modulated phases is determined by the corre-
attribute the broad band at 3400 ¢hto vy, The asym- sponding multiplication of the unit cell with respect to the
metrical stretching mode’y becomes detectable at lower FE Phase since the site symmetry of the water molecules is

temperatures at about 3450 ¢h The bendingy (free mol- the same.

_ . The temperature evolution of Raman spectra of BCCD in
ecule value 1595 ci) was found in the range 16301660 the region of stretching vibrations of the water molecules is

cm 1, where ther(C=0) vibration of the betaine was also shown in Figs. 5 and 6. The intens® band at~ 3400 cn !
observed. Two weak bands centergd at 3240 and ’33291(3l cm acquires an asymmetrical line shape just belbw 164 K

can be attributed to % overtones. It is clear that the internal and splits into several components with a decreasing tem-
vibrations of the water molecules are more or less affectederature. Applying the fitting procedure over the entire tem-
by the structural environment in the unit cell. A downward perature interval, we have found a temperature dependence
shift of the stretching frequencies and an upward shift of theyf their frequencies which is presented in Figs. 7 and 8.
bending one are direct evidences of hydrogen bonding in the

crystal. élre.marka'\ble vanauo_n of the mtepsny o'f the band at IV. DISCUSSION

3400 cm * in distinct scattering geometries points out to a

predominant orientation of O—H bonds in theplane of the A. Structural aspect of hydrogen bonding and modulation
unit cell. A recent neutron-scattering studyrevealed that the

In the partially deuterated sample stretching bands argtryctural atomic distortions, from to the low-temperature
shifted and fulfill the usual isotopic ratie"/v»°=1.35. As Fg phase, are well described by rigid-body librations and
can be seen in Fig. 4, due to isotopic effects the intensitieganslations of betaine molecules, whil®rse results were
are increased while half-widths are decreased in the spectibtained for the same fitting with the Ca complex. These
of the deuterated sample. Consequently, the broad band gdsults justify the approach that considers the betaine as a
3400 cni * in the protonated sample transforms into a wellyigid unit, but the same procedure is doubtful when consid-
defined doublet2494 and 2550 cm') in the deuterated one. ering the Ca complex. At phase transitions some deforma-
The separation betweerf’ and vz modes is usually about tions of the betaines molecules occur and they were revealed
100 cm'%, but this separation may be considerably reducediirectly from XRD and neutron-scattering studt@s®”In
due to a large anharmonicity of the O—H modes in the presfact, the carboxyl group behaves like a hinge which deforms
ence of hydrogen bondirfg. as the temperature decreasésiowever, internal deforma-

As in the low-temperature FEspace groupPn2;a, Z tions of the betaines are much smaller with respect to those
=4) phase there are two kinds of water molecules. If eighexhibited by the water molecules. The analysis of our Raman
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3200 3300 FIG. 7. Temperature dependence of the frequencies of the fitted

Raman peaks shown in Fig. 5. Vertical dotted lines mark the phase
transition temperatures and the arrow marks the onset of the third-
order satellites. Two main peaks shown in Fig. 5 are represented in
full symbols. The upper inset shows temperature dependence of the
splitting between the two main peaks, and the lower one shows
temperature dependence of their full width at half maximum
data brings to light the microscopic mechanisms involving(rwHwm).
the water molecules and that contribute to the lattice distor-
tions at phase transitions. seen from Figs. 5-8 the two main pedks all geometries
Below T; Raman spectra in the range 3350-3450 €M gyhibit different temperature evolutionsl#/dT<0 for the
were well fitted with a sum of two DHO. Both components pigher-frequency component amth/dT>0 for the lower-
_exhibit a significant temperature depend_ence on further COO\‘“requency ong In the 1/4 phase and in the low-temperature
ing and the separation between them increases. As can %ases, the water molecules as well as the iGhs from the
same Ca complex become symmetrically nonequivalent, as

FIG. 5. Temperature evolution of Raman spectra of BCCD in
the region of stretching vibrations of the water molecules in
Z(XX)Y geometry.

YZZ)X they occupy now fourfold general positions. Since the two
M main peaks correspond to symmetrical stretching vibrations
of two symmetrically nonequivalent water molecules, one
160 K can conclude, from the temperature dependence of the mode
125K
3460
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s 100K 3440 N D %%eg,,
X
2 85K ,4; Co : :
§ 76 K % 4207 :@Qio O%Oooooq@i
: / R R A N
g 3400 L ottt emgumessassessumeesese o
2k s L gaeses ™t
2 :: e .
o o o oOT,
47K v
3380
0K 3360 "":I:' —T —T L
T T T 50 100 150 200
3360 3400 3440 Temperature (K)

Wavenumber (cm'l) ) ) ]
FIG. 8. Temperature dependencies of the frequencies of the fit-

FIG. 6. Temperature evolution of Raman spectra of BCCD inted Raman peaks shown in Fig. 6. Vertical dashed lines mark the
the region of stretching vibrations of the water molecules inphase transition temperatures. Open symbols are used for the folded
Y(ZZ)X geometry. The arrow marks one of the 0 folded modes. mode which is indicated by an arrow in Fig. 6.
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the complicated set of the water molecules in the unit cell. In
12K the FE phase there are four well separated peaks in each
scattering geometry. Their intensities and wave numbers
strongly deviate from the typicaty and v3 values. Appar-
ently, in the FE phase the water molecules are involved in
hydrogen bonds of different lengths with the nearest ClI
ions. Due to this strong asymmetry, the O-H stretching vi-
brations are localized. The discrimination between symmetri-
Xzz)y cal and asymmetrical stretching vibrations is no longer valid
and assignment te7 and v3 modes of the free molecule
actually has no meaning. In this case for the two kinds of
symmetrically nonequivalent water molecules in the FE
XYz phase of BCCD, one can expect four well separated bands in

A B the region of stretching vibrations as can be seen in Fig. 9.

3300 3350 3400 3450 3500 3550 B. Harmonic and square-wave modulation in BCCD
Wavenumber (cm™)

Intensity (arb. units)

X(YY)Z

X(ZX)Z

It is clear from the results displayed in Fig. 7 that new
FIG. 9. Raman spectra of BCCD at 12 K in the region of the components corresponding to the symmetrical stretching vi-

stretching O—H vibrations for different scattering geometries. bration appear just belowW; on decreasing the temperature;

i.e., the vy mode bears strong witness of the modulated

Structure of BCCD. The Raman-scattering study of

frequencies, that one of them forms a stronger H bond, Wh”th' Sh | learlv sh that both ical and
the other one forms a weaker bond, with two symmetrically loure as aiso clearly shown that both symmetrical an

nonequivalent Cl ions in the neighboring layer. In fact asymmetrical stretching modes of Blidre very sensitive to

these effects start to appear in the INC phase and are ob\}ihe incommensurate modulation in this compound. It is pos-

ously related to the distortion of the Ca complex which can-Sible that the origin of this behavior is very similar to the

. . 26 .
not be therefore considered as a rigid unit. Deformations Opwechanlsm proposed by Blirat al. =10 explain the results

the Ca complex entailed by rearrangement in the H bondin tbta;mhe_d n thde R%Thch byt mear:s Ofl NMRE(-;F?;% |;]1ternal
were found also significant from XRD measureme(ase retching modes of the water molecules In ave very

Table 4 in Ref. 16 The observed hardening of the Waterweak intermolecular mechanical coupling since the fre-
librations in the INC phase is also a direct evidence that aguencytdﬁferencet bdepwe'(:a_n thSe.modes of dgferetrf]]t typz%s of
least one of the O3—H - Cl bonds between neighboring Ca SV”J[“e/LV preseﬂ € mb '9. thls(;/e:_)'/ stmfl h;s and

complexes is strengthened, and prevent their easy rotatio ) S Was snown above, the U—H streiching modes are
as rigid units at lower temperatures. very sensitive to the local environment, which is disturbed

As expected? there is no detectable difference betweenby the .‘”COmm‘?”S.“.rat¢ distortion. In the INC phase the
Raman spectra in the region of stretching vibrations of thL=1;ranslat|onal periodicity is lost and each water molecule has

water molecules examined in six scattering geometries, ju ifferent environment. In the smusm_dal regingast below
below and above the transition to the 1/4 phase, due to ai) kaman spectra reflect the density of sates. The corre-

continuous evolution of the modulation wave vectgr sponding frequency distribution function can be obtained in

— 5(T)c*. In contrast, at the phase transitions between thjhe local approximation for the case of a one-dimensional

principal commensurate phases, we observed abrupt transf J:—‘C modula}tlon_along the axis*®" In this apprOX|mat|o_n
mations of Raman spectra in the region of stretching wate € given V|brat|qnal frequency; depends only on the in-
vibrations. Changes in Raman selection rules related ggommensurate displacement=y{U;(z;)] and can .be ex
point-group symmetry as well as additional folding at thePanded in powers of the harmonic displacements:
transitions (1/4)-(1/5); (1/5)—(1/6) cause significant re- 1

arrangement in Raman spectra as can be seen in Figs. 6 ang = y,+ v, cog ¢(2) + ¢o] + _Vg coS[(2)+ @ol+ ... .

8. Most of the modes expected in modulated phases due to 2

Brillouin-zone folding cannot be resolved, since splitting is ®)
smaller than the linewidth. At the transition to the uniform Here v, o< (T;— T)#, ¢(2) represents the phase apdhe

(6=0) FE phase, at 46 K, all folded modes disappear anémplitude of the frozen-in modulation wave of the INC
the spectra become simpler. Note that at each transition b‘(?rhase.goo is an initial phase. In the linear case;&0, v,

tween the principal phases, the separation between two maing), the frequency distribution function is given 5§’
peaks increasdsee Figs. 6 and)8This fact is an indication

of a sequential distortion of water molecules, and is consis- — g\ ?
tent with the results of a structural analy¥{$®*’In fact, the g(v)zconsEl—( » )
structures of the different commensurate phases appearing !

below 75 K were found similar to that of the first INC phase, with two edge singularities at. = vo* v;. The splittingA v
except for the change of wave-vector values and greater antbetween the two edge singularities increases bélpwith
plitude of the distortion. One more structural feature de-the critical exponef3: Av=2v,x 5o (T;—T)P.

serves to be discussed in this context. In Fig. 9, Raman spec- The splitting between the two edges, obtainedkxge-

tra at 12 K in the frequency range 3300—3550 ¢meflect  ometry, as a function of the temperature can be seen in the

-1/2

(6)
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upper inset of Fig. 7 and obeys a power lawvy= a(T; At 164 K a two-edge behavior is observed and below 146 K
—T)A, where a=12+1 cm ! and B=0.35-0.02 in the an additional splitting reveals a different type of distortion
whole interval of the INC phase down to 115 K. This value that may be related to the anomalous behavior of the higher-
of the critical exponent is almost equal to that one predictedrder satellites intensities in neutron scattering.
by the three-dimensionaly modef®?° and coincides with A very weak band starts to appearir geometry below
other experimental determinations of the critical exponent ofhe lock-in transition to the 1/4 phase, which means that an
the order parameter in the INC phase of BCCD, obtainedidditional distortion occurs in the temperature range close to
from dielectrid® and NMR (Ref. 30 measurements. It is the Tsanomaly observed in BCCH.The localization of the
important to outline that the frequency shifts of tfi€l edge  onset of this band has a limited accuracy and can be simply
singularities in the NMR spectra are quite symmetsee due to an artifact of the data evaluation process. However, it
Fig. 36 in Ref. 11 over the whole temperature interval be- is rather tempting, although speculative, to associate this be-
low T,;, implying the validity of the linear approximation for havior to theT s anomaly which marks a true structural phase
BCCD. In our case, the two-edge line shape related to th&ransition from a state with an arbitrary phase to a state with
O—H- - - Cl stretching vibrations is not symmetrical and the a fixed phase in the modulatich.
intensities of the two peaks are differgfig. 5). When one
more term is included«; #0, v,#0) in the expansior5),
the density of states exhibits an asymmetrical splitting with
different intensities for the edge peaRsFurthermore, in a The study of Raman spectra presented in this work repre-
nonlocal approximation, additional lines between the twosents complementary information to the results previously
edge singularities can appear. We assume that the asyrbtained with this technique in BCCD. The agreement be-
metrical line shape of the Raman response may be originategleen experimental spectra and factor-group analysis in the
not only due to the quadratic term, but also due to the asymregion of external vibrations is very good, providing that
metry of the O—H- - Cl hydrogen bonds. A final decision is only the betaine may be considered as a rigid unit. In the
yet to be given and further theoretical considerations are reprevious published results the betaine and the Ca complex
quired. have both been considered as rigid units which is a poor
On approaching the lock-in transition from above the twoapproximation and justifies the disagreement between theo-
edges exhibit substantial narrowirtgee the lower inset in retical models and some of the experimental results at low
Fig. 7), and additional rather weak components~a8365 temperatures’
and ~3390 cm ! between the two main edges start to ap- A very effective hardening of libration water modes and
pear below 140 K. Apparently they originate from the additional splittings on further cooling clearly show that the
Brillouin-zone interior and their intensity is proportional to Ca complex behaves as a nonrigid unit below MNC
higher powers of the order parameter. It is known that thephase transition. Stretching vibrations of the water molecules
N-INC transition in BCCD is accompanied by the appear-also exhibit a significant temperature evolution. Their behav-
ance of first-order satellite reflections and their intensity ior shows that water molecules are very sensitive to the dis-
increases remarkably beloly®. Thenth order satellites start tortions of the unit cell since they form H bonds between
to appear below 146.5 K, and their intensityl,, increases layers. By accompanying the distortions of the unit cell, the
smoothly when decreasing the temperature. In a sinusoidalater molecules form a stronger H bond while the other H
regime, the intensity of the second-order satellites would bé&ond becomes weaker. Water molecules in BCCD have very
always larger than the third order ones apdl ] ratio would ~ weak intermolecular mechanical coupling, disclosing the on-
be temperature independent. A nonsinusoidal charater of thget of a sinusoidal and a nonsinusoidal regime in the INC
modulation in BCCD is established below 146.5 K wherephase. Consequently, water molecules cannot be treated just
13/13 is higher tharl ,/13 and, moreover, the former term is as mere probes of the phase transition sequence in BCCD but
temperature dependeltWhen the static distortion becomes have to be considered as active partners in the whole process
not purely sinusoidal, the phonons aj==*ngg, n that determines the wealth of structural phase transitions in
=2,3, ... should be expected in Raman speétras shown  this compound.
in Fig. 7 additional new lines in our Raman spectra become
dete_ctable in the same temperature !nterval where transfor— ACKNOWLEDGMENTS
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