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Soliton dynamics in a type-II incommensurate-commensurate system:
Betaine calcium chloride dihydrate „BCCD…

M. le Maire, R. Straub, and G. Schaack
Physikalisches Institut der Universita¨t Würzburg, Am Hubland, D-97074 Wu¨rzburg, Federal Republic of Germany

~Received 6 January 1997!

The results of dielectric experiments on pure and Br-doped betaine calcium chloride dihydrate~BCCD! at
variable temperaturesT, hydrostatic pressuresp, and quasistatic electric fieldsE are presented, which show the
occurrence of field-induced commensurate~c! phases proving the existence of a square-wave modulated
polarization at lowT. With increasingT the shape of the modulation wave turns rather smoothly into an almost
harmonic wave in the incommensurate~ic! region. Near the transition temperature c(d5

1
4!→ ic at T1/4 indica-

tions for the onset of a gliding polarization wave~phason! in the ic phase, but also in the narrow c phases above
T1/4 with an almost harmonic modulation were detected in BCCD. This range extends up toTi .
@S0163-1829~97!00725-X#
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I. INTRODUCTION

Spontaneously formed superstructures in condensed
ter are encountered, e.g., as soliton lattices in commensu
~c! and incommensurate~ic! modulated crystalline phases,1,2

in charge-density waves3 and in the vortex lattices o
magnetic-flux lines in superconductors.4

Like domain walls solitons separate almost commensu
regions ~c domains! of width d. In ic-c systems with an
Ising-like modulation~square wave at low temperaturesT)
the soliton pattern is regular, separating microdomains wh
have a size of a few lattice constantsa0 of the high-T parent
~p! phase, and is — in the simplest case — determined
competing nearest- and next-nearest-neighbor interaction5,6

Solitons interact with each other~usually repelling!. In fer-
roelectrics their widthb at lowT is generally of the order o
a0 ~soliton densityn5b/d!1) and increases towardd near
Ti (n51), where the phase transition p↔ ic occurs.7–9

As a consequence the modulation just belowTi is sinu-
soidal and the soliton concept is no longer valid. Models
ic systems in terms of Landau theory can be roughly divid
in two classes~I and II!, according to whether the term in th
free-energy density responsible for the appearance of th
phase is linear~I! or quadratic~II ! in the gradient of the orde
parameterP ~whether it includes the Lifshitz invariant o
not!. Systems with a c phase at lowT, i.e., when the soft
mode of the system finally condenses at a finite wave ve
q ~e.g., in the A2BX4 compounds!, belong to class I with a
two-dimensional order parameter, while an unmodulat
ferroelectric~f! low-temperature phase~as in BCCD, thio-
urea, and NaNO2, where the soft mode condenses atuqu50
and the order parameter is one-dimensional! indicates a
type-II classification.2

The evolution of the modulated phases from the p ph
in type-I compounds is well documented both by expe
ments and Landau mean-field theory:1,2 belowTi the modu-
lation is sinusoidal, whereas near the lock-in transition
560163-1829/97/56~1!/134~6!/$10.00
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→c at Tc it becomes solitonlike, i.e., periodic regions wi
approximately a constant phase of the modulation~the phase
between the unmodulated periodic lattice structure and
superstructure! are separated by solitons (5 discommensu-
rations!, where the modulation phase varies rapidly to t
next constant~c! value. BelowTc the modulation is mostly
square wave.

In type-II compounds the situation is less clear: the ran
of discommensurations is reduced to a very narrowT inter-
val aboveTc , the modulation in the c phases has been tra
to be either harmonic or anharmonic to square wave.
NaNO2, where the modulated phase is onlyDT51.5 K
wide, i.e., the system is close to the multicritical Lifshi
point, the modulation is found to be harmonic. In thiour
(DT533 K) a coexistence of solitonic and sinusoidal stru
tural modulation of different parameters has been obser
and explained.10 The results in BCCD are stil
contradictory.11–13HereDT5118 K , the system is far from
the Lifshitz point and appears to be intermediate betw
types I and II.

In this paper we present results for pure and Br-dop
BCCD from dielectric experiments under hydrostatic pre
surep and quasistatic high electric fieldsE, which demon-
strate a continuous evolution of the modulation of the pol
ization ~order parameter! from sinusoidal atTi ~164 K! via
various c phases14 to a square-wave modulation at lowT.
The modulation periodp̃ increases on cooling, ending in a
phase (uqu50). The modulation amplitude varies rath
smoothly at the different c-c transitions. Thus, in BCCD t
modulation appears to follow a scenario different from b
haviors of both types I or II.

II. EXPERIMENTS

BCCD, (CH3)3NCH2COO•CaCl2•2H2O, Z54 is well
known for its incomplete and harmless devil’s stairca
behavior14 with many c phases developed according to
134 © 1997 The American Physical Society
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56 135SOLITON DYNAMICS IN A TYPE-II . . .
Farey tree law,15 demonstrating under the application o
hydrostatic pressure c structure branching processes and
accumulations~Fig. 1!.9,16 The spontaneous polarizatio
Ps in the f low-temperature phase is along theb axis,
the modulation axis is alongc @q5d(T,p,E)•c* #.14 In
Br- and Mn-doped BCCD~BCC12xB xD, Br

2 substituting
Cl2, and BC12xM xCD, Mn

21 substituting Ca21, respec-
tively! and also ing-irradiated BCCD the number of ob
served c phases is reduced, and a strong increase of the
mal hysteresis as well as a widening of the ic region at
expense of the c region are encountered.17–19

We have observed the hysteresis loops of pure and
doped BCCD (x 5 0.02, 0.08! with E&40 kV/cm,
0.1 Hz<n<100 Hz applied alongb, varyingp with helium
gas for pressure transmission andT. Ps values of spontane-
ous and field-induced polar phases have been measured
the (Eb ,T;p) diagrams have been determined. Some res
are shown in Fig. 2. The polar phases (d5 2

11,
2
9,

2
7! grow with

FIG. 1. (p,T)-phase diagram of BCCD; the parent~p! and some
major incommensurate~ic! and commensurate phases (d5n/m) are
indicated. The dielectric anomaliesTf andTs are discussed below

FIG. 2. Electric field vs temperature (Eb ,T) diagrams of pure
and 2%Br-doped BCCD~more (Eb ,T) diagrams of pure BCCD
can be found in Refs. 13, Fig. 1 and 19, Fig. 6.46!. A small hydro-
static pressure (' 1 MPa! has been applied to protect the samp
against electrical discharges at high fields.
eir

er-
e

r-

and
ts

Eb at the expense of nonpolar phases (d5 1
5! or of the

a-polarized improper phases (d5 1
4,

1
6! with anE dependence

linear for c-c and nonlinear for c-ic transitions.20 Surpris-
ingly, the slopesdTc /dE are approximately equal for al
transitions, with growingT these slopes are slowly decrea
ing. At high fields the nonpolar phases@e.g., 1

5,
1
6,

1
4 ~ex-

trapolated!# cease to exist and give rise to field-induc
phases, the phase boundaries of finite length have
slopes, ending in two triple points. These field-induc
phases also exist in crystals doped with impurities~Fig. 2!,
where the higher-order c phases are suppressed18 ~measure-
ments on Mn-doped BCCD withx 5 0.05 essentially lead to
the same results;19 the bending of the diagrams in Fig. 2 a
low T away fromE50 is due to the coercive field, growin
with decreasingT and with the impurity concentration!.

The Ps values of the polar phasesd5n/m (n even,m
odd! ~Ref. 14! are found to be equal toPs,0 /m within the
experimental errors of a few percent@T effects considered
Ps,0 is the value found for the unmodulated f phase (d50)
at low T, Ps,052.4 mC/cm2 ~Ref. 21!#. The Ps values of
the field-induced phases are found to be the sum of
Ps values of the two neighboring polar phases@e.g.,
Ps(d5 2

10?)5Ps(d5 2
9)1Ps(d5 2

11!#.
13 Comparing our re-

sults forPs with values from other experiments~e.g., from
pyroelectric measurements,22! one has to take into accoun
that our samples are subject to high electric fields, wh
eliminate domain-wall effects and the influence of impur
pinning onPs .

This result demonstrates the validity of the model
the Ising-type modulation in BCCD: The polarization
adjacent microdomains is antiparallel,Ps of a c phase results
as the sum over at least two such domains. ThusPs(d5 2

9)
5Ps,0/9, because the contribution of one out of nine dipo
layers @in the context of the ANNNI~axial next nearest
neighbor Ising! model7–9# is not compensated

^45&[↑↑↑↑↓↓↓↓↓ ~here: periodp̃59), where each arrow
represents one dipole layer oriented perpendicularly to
modulation vectorq. To be correct, our model requires po
larization saturation in each pseudospin layer~low T) and
b!ma0 ~square-wave modulation!. The Ps values of the
field-induced phases result from the spin flip of one layer
period p̃, e.g. ^6&→^57&, ^56&→^47&,24 i.e., the collective
shift of every second soliton bya0, while p̃5const. Such a
phase transition has, to our knowledge, not been obse
previously.

We have also studied in detail two dielectric anomal
(Ts , Tf) found in pure, Br-doped (x&0.08), Mn-doped
(x&0.05) andg-irradiated BCCD~doses&20 kGy) ~Refs.
17 and 19! at low field strengths and frequencie
200 Hz< n < 2 MHz, which differ from the anomalies a
the usual c-c or ic-c phase transitions: In the real part of
dielectric constant,«8(T), both anomalies are broader an
less pronounced than those at structural phase transit
whereas the dielectric loss, tand(T)5«9/«8, displays marked
maxima atTs andTf . They are more pronounced in dope
and g-irradiated BCCD than in nominally pure BCCD
where they are observed only at elevated pressure. In F
we have plotted the weak frequency dependences of
shapes of the anomaliesTs andTf @both depend on pressur
~Fig. 1! and concentration~Fig. 4 and Ref. 18, respectively#.
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136 56M. le MAIRE, R. STRAUB, AND G. SCHAACK
Ts andTf have been observed previously,Ts also by other
groups,21,25,26but have not been interpreted.

III. DISCUSSION

Information on theT-dependent soliton widthb can be
obtained applying the Clausius-Clapeyron equation

dTc /dE52DP/DS ~3.1!

to the (E,T) diagrams of Fig. 2, whereDP is known from
the polarization measurements, andDS can be determined
and compared with a simple model calculation of the tran
tion entropies: We interpret a soliton by a single, isola
layer of pseudospins, which is completely disordered. W
a soliton is formed, the entropy changes:DSM5NskBln2

FIG. 3. Dielectric anomaliesTs and Tf in Br-doped BCCD.
Above: «b8(T) and tanbd(T) of BCC0.98B0.02D at various frequen-

cies ~ambient pressure,Ṫ.0) Below: «b8(T) and tanbd(T) of

BCC0.92B0.08D at various frequencies~ambient pressure,Ṫ.0).

FIG. 4. Position of theTs anomaly for various impurity concen
trations andg-irradiation doses~in kGy! with respect to the
(p,T)-phase diagram~broken lines! of pure BCCD. The accumula
tion line Tac is also shown as dotted line.
i-
d
n

(Ns : number of pseudospins within a soliton per mo
Ns5Npf s with Np : number of pseudospins per mol
Np53.01131023mol21 @two spins per cell23! and f s : soli-
ton density (5d)#. Thus at the c1-c2 phase transition
DSM5NpkBln2•(d22d1).

In Table I we have compiled values of the entro
changes as determined from the observed specific-
anomalies,27 from Eq. ~3.1!, and from the above model. W
find the agreement surprisingly good. It can be improved
b is increased slightly beyond a single layer. At higherT ~ic
↔ 2

7!, DSM is larger than the experimental value, because
modulation is nearly harmonic andPs is clearly below
Ps,0 , i.e., the entropy increase on creating a new soliton
smaller than anticipated from the model. At low and inte
mediateT, DSC increases withT for long-p̃ phases~Fig. 5!
because of the increase ofb, the modulation is still anhar-
monic, but is approaching the case of a harmonic modu
tion. A model of theT-dependent soliton shape and overl
is beyond the scope of this paper.

Additional information on the solitons can be derive
from the field-induced phases. They indicate a constant s
ton density at these transitions (DS50), however one soli-
ton sublattice is shifted bya0, e.g., ^5&→^46& away from
the position which minimizes the repulsive interaction. T
phases are not on the Farey tree. An increaseDF of the
free-energy results, which is compensated at the critical fi
Ec of the transition by the polarization energ
DFE52EcDP, whereDP is the polarization increase due t
the soliton shift. Using the ansatz of an exponential soli
interaction,28 the total free energy for one soliton in the so
ton lattice~modulation periodp̃) reads

F5@Fs14A~e2X/b81e2Y/b8!#/ p̃, ~3.2!

where X and Y are the soliton distances in units ofa0,
X1Y5 p̃. A is the soliton formation energy andb8 is the

TABLE I. Entropy changesDS at various phase transitions i
BCCD in J/mol K from specific heat (DSH) ~Ref. 27!, from Eq.
~3.1! (DSC), and from the soliton model (DSM).

Phase
transition

DSH
~Specific heat!

DSC
From Eq.~3.1!

DSM
~Soliton model!

f↔ 1
6

Not measured 0.572 0.4800
1
6↔

1
5 0.11 0.114 0.0959

1
5↔

1
4 0.16 0.149 0.1440

1
4↔ ic
ic↔ 2

7↔ ic
0.05
0.01

0.043
0.032

%0.1028

FIG. 5. T ~or p)dependence of the entropy changeDSC for
various c-c transitions.
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56 137SOLITON DYNAMICS IN A TYPE-II . . .
soliton interaction range.F changes for a soliton shift o
a0 from ^m& to ^m21,m11& ~Ref. 24! by

DF5~8A/ p̃ !e2ma0 /b8@cosh~a0 /b8!21#. ~3.3!

This free energy will be compensated for the c pha
^m& by Ec,m•Ps,0 /m. As an average over the field-induce
phases^46&, ^57&, ^47& we determined the soliton rang
b850.67 in terms ofa0, andA510.6 Ws/cm3 with an un-
certainty of620%; Ec,4'75 kV/cm. Both the interaction
rangeb8•a0 and the soliton widtha0 are of comparable size
which demonstrates the consistency of our interpretation

As a consequence these results indicate that the forma
energy of local defects in the modulation pattern of c pha
near pinning centers should be low and hence such de
will occur frequently and have to be considered.

IV. THE ANOMALIES Ts AND Tf

The anomaliesTs andTf , which are both intrinsic fea-
tures of BCCD, appear to be related to the soliton system
reasons to be discussed in this section. The anomaly aTf
can be interpreted as due to domain freezing because
closely related to similar, well established phenomena
KDP:29 Below Tc the mobility of isolated domain walls a
high ac fields contributes to the large values of«8 above
Tf , while the abrupt«8 drop below Tf indicates their
freezing.30 Figure 3 displays the close relation between
phenomena atTf and Ts in this respect. It is tempting to
interpret the anomaly atTs as a freezing of the soliton lattice
i.e., aboveTs occurs a random, collective shift or glide~de-
pinning! of the solitons with respect to the lattice. The ons
of gliding at Ts is accompanied by the formation of loc
polar defects (Puub) of the modulation: e.g.,
^4&→^35& local, ^5&→^46& local due to soliton pinning centers
The average modulation period does not change atTs . Our
interpretation ofTs is backed by the following observation
or conclusions:

~A! We have studiedTs under hydrostatic pressure.
13 The

slopesdTs /dp are different from those of the c-c transition
but they are parallel for all defect concentrations and para
to Ti ~Figs. 1 and 4!. In pure BCCD the lineTs(p) coincides
within error limits with a line which connects the accumul
tion points in the structure branching regions16 @Tac(p) in
Fig. 4#. This accumulation line separates the incompl
(T.Tac) and harmless (T,Tac) devil’s staircase region in
BCCD.13 According to the ANNNI model, ic structures onl
occur aboveTac.

9 In the 1
4 phase ([^4& phase!, lines of

constant polarizationPs,a also run parallel toTac. Ts or
Tac coincide with a line of 56% (514 nC/cm2) of Ps,a at
T575.5 K, p50.1 MPa. TheTs anomaly occurs, if the
modulation amplitude falls below a certain limit~on heat-
ing!. Here the modulation wave is nearly harmonic.

~B! Ts strongly depends on the impurity or pinning-cen
concentrationx ~Fig. 4!. For growingx, Ts decreases, ap
proachesTf and in Br-doped BCCD the two anomalies
nally merge forx'0.08 ~Fig. 6!. This result can be easily
interpreted assuming collectively fluctuating solitons a
their local pinning at lattice defects: With increasingx the
regions of coherent gliding are shrinking and finally t
small unpinned soliton sections are fluctuating incohere
e
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and freeze atTf . If apart from Br some intrinsic pinning
centers are considered,19 x'0.08 is equivalent to about 0.
centers per unit cell. Soliton pinning and the formation
local defects likê 35& local or ^46& local are causes of the di
electric activity ofTs for Eib in the a polarized^4& and in
the nonpolar̂ 5& phase. Thus pinning centers are sources
polarization on a microscopic scale.

~C! This finite Ps,b , increasing withx, can also be ob-
served via small hysteresis loops in the phases^4& and ^5&
~Fig. 2!. The coercive fieldsEc,b of these loops change a
Ts and Tf as expected~Fig. 7, above!: Above Ts , Ec,b is
close to zero, below it starts to rise with a finite slope, t
slope increases atTf . This behavior is repeated for elevate
pressure, whenTs andTf both shift to higherT, i.e., lines of
constant coercive field are parallel to theTs line and equidis-
tant at lowEc @Ec'const•(Ts2T); Fig. 7, below#. At Ts the
coercive field of these loops vanishes, while a smallPs,b still
exists, but no pinning occurs.

~D! Infrared and Raman spectra taken in the phases^4&
and ^5& aboveTs display diffuse spectra almost identical

FIG. 6. (x,T) phase diagram of BCC12xB xD at ambient pres-
sure. The regions of thex-dependent anomaliesTs and Tf are
shaded.

FIG. 7. Above: T dependence of the coercive fieldEc,b in
BCC0.98B0.02D at various hydrostatic pressures. Below: (p,T) dia-
gram of BCC0.98B0.02D with theTs line ~broken lines! and lines of
constantEc,b ~solid lines!.
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138 56M. le MAIRE, R. STRAUB, AND G. SCHAACK
those taken in the ic phase.13,31 Their fingerprint characte
used to identify the various c phases belowTs is lost. In a
state of gliding harmonic modulation the various molecu
units as sources of the specific spectral lines experience v
ing phases of deformation as in an ic phase. Our res
indicate a continuous gliding of an approximately harmo
polarization wave. This result is also supported by theoret
investigations on type-II systems in terms of Landa
theory, e.g., Ref. 32. This mode corresponds to the pha
observed in type-I systems nearTi . Different from the situ-
ation there, the gliding of the modulation wave in BCC
occurs in an extended temperature range.

~E! Chaves et al. have recently performed an elast
neutron-scattering study of partially deuterated BCCD un
hydrostatic pressure.33 They have determined the integrate
intensityI (T,p5const) of the satellites in the c and ic phas
and observed an increase of this intensity towards loweT.
Rather abrupt changes ofI are observed on crossing a c
phase transition. With increasingT for constant pressure, th
anomalies forI (T,p) are smoothed, some peaks and plate
being erased. FinallyI (T,p), which is proportional to the
squared order parameter, decays linearly withT. If the onsets
at low T of these linear ranges ofI are located in the
(p,T) diagram, again a line parallel to the accumulation li
and about 2 K above theTs line is found. This observation
again supports the conclusion that theTs line and the accu-
mulation line mark constant modulation amplitudes in t
(p,T) diagram, and that forT.Ts the modulation in c
phases is not basically different from the modulation in
neighboring ic phases and is harmonic.

The very weak frequency dependences of both temp
turesTs andTf ~Fig. 3! result in unphysical Arrhenius an
Vogel-Fulcher fit parameters. This indicates that the und
lying processes are not of single-particle character, but ra
are collective processes in the soliton and the domain-w
.
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regime, respectively, showing strong resemblance to
phase transitions.

V. CONCLUSIONS

The main topics of this work were the analysis of t
formation of a soliton system with two sublattices and
field-induced structural phase transitions in the region of
approximately square-wave modulation of the polarizat
and the collection of experimental data which indicate a s
of moving domain walls at elevatedT intrinsically pinned to
one another. The role of modulation defects becomes ap
ent. In BCCD the region of the free floating modulation e
tends fromTi down toTs , i.e., to the onset of the

1
4 phase at

ambient pressure. At elevated pressure it extends into t1
4

or even the15 phase~Fig. 1!. As the symmetries of BCCD in
the various c phases depend on the average phasew of the
modulation with respect to the lattice,34 the Ts anomaly
marks a true structural phase transition, from a lo
symmetry space group with arbitraryw aboveTs to a state of
higher symmetry with fixedw belowTs . Stated differently,
in BCCD for decreasingT, the lock-in transition occurs in
two steps: BelowTi the modulation vectorq locks in occa-
sionally at various rational values (d5 2

7,
3
11,

4
15 etc.!, however

it locks into the lattice only belowTs . This result remains to
be verified experimentally.

The evolution of the modulation in BCCD is thus remar
ably different from what is known from type-I systems an
bears for highT some resemblance to the onset of gliding
systems with charge-density waves3 and in the flux vortices
in high-Tc superconductors, where in fact the Ginzbur
Landau functional is also of the ‘‘quadratic-gradient’’ type4
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