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Soliton dynamics in a type-ll incommensurate-commensurate system:
Betaine calcium chloride dihydrate (BCCD)

M. le Maire, R. Straub, and G. Schaack
Physikalisches Institut der Universtt&V/irzburg, Am Hubland, D-97074 Waburg, Federal Republic of Germany
(Received 6 January 1997

The results of dielectric experiments on pure and Br-doped betaine calcium chloride diHBCaB®) at
variable temperatureB, hydrostatic pressurgs and quasistatic electric fieldsare presented, which show the
occurrence of field-induced commensurdt® phases proving the existence of a square-wave modulated
polarization at lowT. With increasingl’ the shape of the modulation wave turns rather smoothly into an almost
harmonic wave in the incommensurdtie) region. Near the transition temperatureSe(%)ﬁic atT,, indica-
tions for the onset of a gliding polarization wafghason in the ic phase, but also in the narrow c phases above
Ty, with an almost harmonic modulation were detected in BCCD. This range extends UR.to
[S0163-18297)00725-X

[. INTRODUCTION —c at T, it becomes solitonlike, i.e., periodic regions with
approximately a constant phase of the modulatbe phase

Spontaneously formed superstructures in condensed mavetween the unmodulated periodic lattice structure and the
ter are encountered, e.g., as soliton lattices in commensuraseiperstructureare separated by solitons=( discommensu-

(c) and incommensuratéc) modulated crystalline phasé$, —rations, where the modulation phase varies rapidly to the
in charge-density wavésand in the vortex lattices of next constantc) value. BelowT, the modulation is mostly
magnetic-flux lines in superconductdrs. square wave.

Like domain walls solitons separate almost commensurate In type-Il compounds the situation is less clear: the range
regions (¢ domaing of width d. In ic-c systems with an of discommensurations is reduced to a very narfiovter-
Ising-like modulation(square wave at low temperaturés  val aboveT ., the modulation in the ¢ phases has been traced
the soliton pattern is regular, separating microdomains whicho be either harmonic or anharmonic to square wave. In
have a size of a few lattice constamigof the highT parent NaNO,, where the modulated phase is onyT=1.5 K
(p) phase, and is — in the simplest case — determined byide, i.e., the system is close to the multicritical Lifshitz
competing nearest- and next-nearest-neighbor interactfons. point, the modulation is found to be harmonic. In thiourea
Solitons interact with each othéusually repelling. In fer-  (AT=33 K) a coexistence of solitonic and sinusoidal struc-
roelectrics their widthb at low T is generally of the order of tural modulation of different parameters has been observed
a, (soliton densityn=b/d<1) and increases towadinear and explained® The results in BCCD are still
T, (n=1), where the phase transitioric occurs’™® contradictory*'"*HereAT=118 K, the system is far from

As a consequence the modulation just beldwis sinu-  the Lifshitz point and appears to be intermediate between
soidal and the soliton concept is no longer valid. Models oftypes | and II.
ic systems in terms of Landau theory can be roughly divided In this paper we present results for pure and Br-doped
in two classegl and Il), according to whether the term in the BCCD from dielectric experiments under hydrostatic pres-
free-energy density responsible for the appearance of the gurep and quasistatic high electric fields which demon-
phase is lineafl) or quadratiqll) in the gradient of the order strate a continuous evolution of the modulation of the polar-
parameterP (whether it includes the Lifshitz invariant or ization (order parametgrfrom sinusoidal aff; (164 K) via
not). Systems wit a ¢ phase at lowl, i.e., when the soft various c phaséd to a square-wave modulation at loW
mode of the system finally condenses at a finite wave vectoFhe modulation periogh increases on cooling, ending in a f
q (e.g., in the ABX, compoundy belong to class | with a phase [g|=0). The modulation amplitude varies rather
two-dimensional order parameter, while an unmodulatedsmoothly at the different c-c transitions. Thus, in BCCD the
ferroelectric (f) low-temperature phas@s in BCCD, thio- modulation appears to follow a scenario different from be-
urea, and NaN@ where the soft mode condenseg@t=0  haviors of both types | or II.
and the order parr?ameter is one-dimensipriadicates a
type-ll classificatiorf.

The evolution of the modulated phases from the p phase - EXPERIMENTS
in type-l compounds is well documented both by experi- BCCD, (CH;)3;NCH,COO-CaCl-2H,0, Z=4 is well
ments and Landau mean-field thedybelow T; the modu-  known for its incomplete and harmless devil's staircase
lation is sinusoidal, whereas near the lock-in transition icbehaviot* with many ¢ phases developed according to the

0163-1829/97/5@.)/134(6)/$10.00 56 134 © 1997 The American Physical Society



56 SOLITON DYNAMICS IN A TYPE-II . .. 135

E, at the expense of nonpolar phase$=@E) or of the
a-polarized improper phase$<€ ;,3) with anE dependence
linear for c-c and nonlinear for c-ic transitioffs Surpris-
ingly, the slopesdT./dE are approximately equal for all
transitions, with growingr these slopes are slowly decreas-
ing. At high fields the nonpolar phasés.g., %, % 3 (ex-
trapolated] cease to exist and give rise to field-induced
phases, the phase boundaries of finite length have zero
slopes, ending in two triple points. These field-induced
phases also exist in crystals doped with impuri(iEgy. 2),
L LKA where the higher-order ¢ phases are suppreé&getkasure-
50 100 150 200 T (K) ments on Mn-doped BCCD witk = 0.05 essentially lead to
the same results* the bending of the diagrams in Fig. 2 at

FIG. 1. (p,T)-phase diagram of BCCD; the pardp} and some low T away fromE=0 is due to the coercive field, growing
major incommensuratéc) and commensurate phases{(n/m) are  with decreasingl’ and with the impurity concentration
indicated. The dielectric anomalids and T are discussed below. The P values of the polar phase$=n/m (n even,m

odd) (Ref 14 are found to be equal t&so/m within the
Farey tree law® demonstrating under the application of experimental errors of a few perce effects considered,;
hydrostatic pressure c structure branching processes and théig, is the value found for the unmodulated f phage=Q)
accumulations(Fig. 1).°'® The spontaneous polarization at low T, Pgo=2.4 uClen? (Ref. 21]. The Py values of
Ps in the f low-temperature phase is along theaxis, the field-induced phases are found to be the sum of the
the modulation axis is along [q=4&(T,p,E)-c*].}* In P, values of the two neighboring polar phasés.g.,
Br- and Mn-doped BCCOBCC,_,B,D, Br~ substituting Pg(6=3?)=P(5=32)+P4(5=2)].** Comparing our re-
Cl~, and BC,_,M,CD, Mn?* substituting C&", respec- sults for P4 with values from other experiments.g., from
tively) and also iny-irradiated BCCD the number of ob- pyroelectric measuremerfd, one has to take into account
served c phases is reduced, and a strong increase of the th#érat our samples are subject to high electric fields, which
mal hysteresis as well as a widening of the ic region at theliminate domain-wall effects and the influence of impurity
expense of the ¢ region are encountelred? pinning onP.

We have observed the hysteresis loops of pure and Br- This result demonstrates the validity of the model of
doped BCCD x = 0.02, 0.08 with E<40kV/cm, the Ising-type modulation in BCCD: The polarization in
0.1 Hz=»=<100 Hz applied alonfp, varyingp with helium  adjacent microdomains is antiparallBl, of a ¢ phase results
gas for pressure transmission ahdP values of spontane- as the sum over at least two such domains. TRYS= 3)
ous and field-induced polar phases have been measured asdP, o/9, because the contribution of one out of nine dipole
the (E,,T;p) diagrams have been determined. Some resultiayers [in the context of the ANNNI(axial next nearest

are shown in Fig. 2. The polar phases=<(Z,2,2) grow with  neighbor Ising model™®] is not compensated:

(45=11111111] (here: periodp=9), where each arrow
represents one dipole layer oriented perpendicularly to the

40 - T ' ' 1 modulation vectolg. To be correct, our model requires po-
0 Z/f/1” % 511’0: N ] larization saturation in each pseudospin lagew T) and
T 20r 2122\ adem / "~"\ c ¢ ] b<ma, (square-wave modulatipnThe P values of the
S w0p o 1/%\:" U5 \25 1/4 ,/\2/7, Ic field-induced phases result from the spin flip of one layer per
= oy e Y period p, e.g.(6)—(57), (56)—(47),2*i.e., the collective
WO o RS ‘;/ ] shift of every second soliton bg,, while p=const. Such a
20 Pa A * ! 1 phase transition has, to our knowledge, not been observed
-30 } } t — f—t ——t { — previously.
“r e e b 1 We have also studied in detail two dielectric anomalies
o . . ] (T, Tg) found in pure, Br-doped x=<0.08), Mn-doped
R R N ] (x=0.05) andy-irradiated BCCD(doses<20 kGy) (Refs.
S or el ] 17 and 19 at low field strengths and frequencies
SR D P A 200 Hz< v < 2 MHz, which differ from the anomalies at
ul® -0 o B R :”,}. ] the usual c-c or ic-c phase transitions: In the real part of the
200 s . ] dielectric constantg’(T), both anomalies are broader and
e N S less pronounced than those at structural phase transitions,
20 40 60 80 100 20 TK) whereas the dielectric loss, (1) =¢"/e’, displays marked

maxima atT; and T;. They are more pronounced in doped

FIG. 2. Electric field vs temperaturéE(,T) diagrams of pure and y-irradiated BCCD than in nominally pure BCCD,
and 2%Br-doped BCCOmore (,,T) diagrams of pure BCCD Where they are observed only at elevated pressure. In Fig. 3
can be found in Refs. 13, Fig. 1 and 19, Fig. 6.46 small hydro- ~We have plotted the weak frequency dependences of the
static pressure£ 1 MP3 has been applied to protect the sample shapes of the anomalidg andT; [both depend on pressure
against electrical discharges at high fields. (Fig. 1) and concentratiofFig. 4 and Ref. 18, respectivdly
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FIG. 3. Dielectric anomalieSs and T; in Br-doped BCCD.
Above: g((T) and tapd(T) of BCCygdBo oD at various frequen-

cies (ambient pressure‘,]’>0) Below: &((T) and tags(T) of
BCGCy 9B oD at various frequencie@mbient pressuré|j>0).

T, andT; have been observed previouslly, also by other
groups?1?>26pyt have not been interpreted.

Ill. DISCUSSION

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

dT./dE=—AP/AS (3.2

to the E,T) diagrams of Fig. 2, wherd P is known from
the polarization measurements, aA®& can be determined

TABLE I. Entropy changed\S at various phase transitions in
BCCD in J/mol K from specific heatAS,) (Ref. 27, from Eq.
(3.1) (AS), and from the soliton model{Sy).

Phase AS, ASc ASy
transition (Specific hegt From Eq.(3.1)  (Soliton model
foi Not measured 0.572 0.4800
it 0.11 0.114 0.0959
i3 0.16 0.149 0.1440

1 .

2 IC 0.05 0.043

ice 2ic 0.01 0.032 10.1028

(Ng: number of pseudospins within a soliton per mole:
Ns=N,fs with N,: number of pseudospins per mole,
N,=3.011x 10?*mol~* [two spins per ceff) and f: soli-
ton density &6)]. Thus at the ¢-c, phase transition
ASy=NpkgIn2-(8,—8y).

In Table | we have compiled values of the entropy
changes as determined from the observed specific-heat
anomalieg/ from Eq. (3.1), and from the above model. We
find the agreement surprisingly good. It can be improved, if
b is increased slightly beyond a single layer. At higfietic
—2) ASy, is larger than the experimental value, because the
modulation is nearly harmonic anB, is clearly below
P<o, i.e., the entropy increase on creating a new soliton is
smaller than anticipated from the model. At low and inter-

mediateT, ASc increases withl for long-p phasegFig. 5)
because of the increase bf the modulation is still anhar-
monic, but is approaching the case of a harmonic modula-
tion. A model of theT-dependent soliton shape and overlap
is beyond the scope of this paper.

Additional information on the solitons can be derived
from the field-induced phases. They indicate a constant soli-
ton density at these transitiond $=0), however one soli-
ton sublattice is shifted bg, e.g., (5)—(46) away from
the position which minimizes the repulsive interaction. The
phases are not on the Farey tree. An increase of the
free-energy results, which is compensated at the critical field

and compared with a simple model calculation of the transie . of the transiton by the polarization energy

tion entropies: We interpret a soliton by a single, isolatedy F_— — E_AP, whereAP is the polarization increase due to
layer of pseudospins, which is completely disordered. Whemne soliton shift. Using the ansatz of an exponential soliton

a soliton is formed, the entropy changesSy,=NgkgIn2

400 ——

TR

FIG. 4. Position of th&' s anomaly for various impurity concen-

trations and y-irradiation doses(in kGy) with respect to the

(p,T)-phase diagrantroken line$ of pure BCCD. The accumula-

tion line T, is also shown as dotted line.

interaction?® the total free energy for one soliton in the soli-
ton lattice(modulation periodp) reads
F=[Fs+4A(e ¥ +e Y")]/p, (3.2

where X and Y are the soliton distances in units af,
X+Y=Dp. A is the soliton formation energy ardl is the

800 o
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FIG. 5. T (or p)dependence of the entropy chang&: for
various c-c transitions.
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soliton interaction rangeF changes for a soliton shift of A R B R R
ao from (m) to (m—1m+1) (Ref. 24 by 160 i .
140 .
AF=(8A/p)e m®/ [cosia,/b’)—1]. (3.3 00 |

This free energy will be compensated for the ¢ phase 100 B ]

(m) by E¢ - Pso/m. As an average over the field-induced < e, , o~
phases(46), (57), (47) we determined the soliton range ~ 8 Q@ 174 N '° ]
b’=0.67 in terms ofa,, and A=10.6 Ws/cm with an un- 60 H/EN ) ]
certainty of +20%; E. 4~75 kV/cm. Both the interaction ;1\/6 o 1
rangeb’ - ay and the soliton widtla, are of comparable size, 40 -~ Tf T
which demonstrates the consistency of our interpretations. 20 N frozen St‘“’“ e — ]
As a consequence these results indicate that the formation NI N R
energy of local defects in the modulation pattern of ¢ phases 0 5 1 1% 20 25 30 x(%)

near pinning centers should be low and hence such defects

will occur frequently and have to be considered. FIG. 6. (x,T) phase diagram of BCL.,B,D at ambient pres-

sure. The regions of th&-dependent anomaliesg and T; are

shaded.
IV. THE ANOMALIES T4 AND T;

The anomaliesTs and T;, which are both intrinsic fea- and freeze aff¢. If apart from Br some intrinsic pinning
tures of BCCD, appear to be related to the soliton system fogenters are considerédix~0.08 is equivalent to about 0.6
reasons to be discussed in this section. The anoma]y at centers per unit cell. Soliton pinning and the formation of
can be interpreted as due to domain freezing because it lgcal defects like(35),c5 OF (46)j0ca are causes of the di-
closely related to similar, well established phenomena irelectric activity of T for E||b in the a polarized(4) and in
KDP:?° Below T, the mobility of isolated domain walls at the nonpolar5) phase. Thus pinning centers are sources of
high ac fields contributes to the large valuessdf above polarization on a microscopic scale.

T, while the abrupts’ drop below T; indicates their (C) This finite Pg,, increasing withx, can also be ob-
freezing® Figure 3 displays the close relation between theserved via small hysteresis loops in the phagbsand(5)
phenomena af; and T in this respect. It is tempting to (Fig. 2. The coercive field€ ;, of these loops change at
interpret the anomaly &t as a freezing of the soliton lattice, Ts and T; as expectedFig. 7, abovg Above Tg, E, is
i.e., aboveT occurs a random, collective shift or glidde- close to zero, below it starts to rise with a finite slope, this
pinning) of the solitons with respect to the lattice. The onsetslope increases & . This behavior is repeated for elevated
of gliding at T4 is accompanied by the formation of local pressure, whefig andT; both shift to highefT, i.e., lines of
polar defects P||b) of the modulation: e.g., constantcoercive field are parallel to thgline and equidis-
(4)—(35)10cal, (5)—(46)0ca due to soliton pinning centers. tant at lowE. [E.~const(Ts—T); Fig. 7, below. At T the
The average modulation period does not changgsatOur coercive field of these loops vanishes, while a sﬂ?@lg still
interpretation ofT is backed by the following observations €Xists, but no pinning occurs.

or conclusions: (D) Infrared and Raman spectra taken in the phddés

(A) We have studied’s under hydrostatic pressutéThe  and(5) aboveT display diffuse spectra almost identical to
slopesd T, /dp are different from those of the c-c transitions
but they are parallel for all defect concentrations and paralle’

to T; (Figs. 1 and % In pure BCCD the linél (p) coincides 25
within error limits with a line which connects the accumula- = 20 s 03 WP
. . . . . . a
tion points in the structure branching regibh§T,(p) in S 5 — 3045 WPa
Fig. 4]. This accumulation line separates the incomplete é 0f = 104-113 MPa
(T>T,) and harmlessT<T,) devil's staircase region in 3 +— 198-214 MPa
BCCD® According to the ANNNI model, ic structures only ™ e oo
occur aboveTa.c.9 In the 7 phase &(4) phasg, lines of 0F E (o) % v S aaT T T
constant polarizatiorP , also run parallel toT,.. T4 or ; W f;lﬁ;{y’/,f/ A
T coincide with a line of 56% €14 nC/cnf) of P, at 200 ¢ 2T b
T=75.5 K, p=0.1 MPa. TheTs anomaly occurs, if the  ® 150 f L ;
modulation amplitude falls below a certain limion heat- = 00 b P ’ )
ing). Here the modulation wave is nearly harmonic. o R K

(B) T, strongly depends on the impurity or pinning-center 50 | “a s
concentrationx (Fig. 4). For growingx, T decreases, ap- 0 S L S .
proachesT; and in Br-doped BCCD the two anomalies fi- 20 100 120 1440 160 180 T(K)

nally merge forx~0.08 (Fig. 6). This result can be easily

interpreted assuming collectively fluctuating solitons and F|G. 7. Above: T dependence of the coercive fiek, , in
their local pinning at lattice defects: With increasirghe BCGC, B0 oD at various hydrostatic pressures. Below;T) dia-
regions of coherent gliding are shrinking and finally thegram of BCG o8, oD With the T line (broken lineg and lines of
small unpinned soliton sections are fluctuating incoherentconstantE, , (solid lines.
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those taken in the ic phas&3! Their fingerprint character regime, respectively, showing strong resemblance to real
used to identify the various ¢ phases beldwis lost. In a  phase transitions.

state of gliding harmonic modulation the various molecular

units as sources of the specific spectral lines experience vary- V. CONCLUSIONS

ing phases of deformation as in an ic phase. Our results The main topics of this work were the analysis of the
indicate a continuous gliding of an approximately harmonicformation of a soliton system with two sublattices and its
polarization wave. This result is also supported by theoreticafie|d-induced structural phase transitions in the region of an
investigations on type-Il systems in terms of Landau’sapproximately square-wave modulation of the polarization
theory, e.g., Ref. 32. This mode corresponds to the phasaand the collection of experimental data which indicate a state
observed in type-l systems negy. Different from the situ-  of moving domain walls at elevatédintrinsically pinned to
ation there, the gliding of the modulation wave in BCCD one another. The role of modulation defects becomes appar-
occurs in an extended temperature range. ent. In BCCD the region of the free floating modulation ex-
(E) Chaveset al. have recently performed an elastic tends fromT; down toTs, i.e., to the onset of thg phase at
neutron-scattering study of partially deuterated BCCD undegmbient pressure. At elevated pressure it extends intg the
hydrostatic pressurg. They have determined the integrated or even the; phase(Fig. 1). As the symmetries of BCCD in
intensityl (T,p=const) of the satellites in the ¢ and ic phasesthe various ¢ phases depend on the average phasfethe
and observed an increase of this intensity towards Iolver modulation with respect to the latti¢é the T, anomaly
Rather abrupt changes bfare observed on crossing a c-c Marks a true structural phase transition, from a low-
phase transition. With increasifigfor constant pressure, the SYmmetry space group with arbitragyaboveTs to a state of
anomalies fot (T,p) are smoothed, some peaks and plateaug"gher symmetry W'th. fixed» below TS' Statgd d|fferently,
being erased. Finally(T,p), which is proportional to the in BCCD for decreasing, the I(_)ck-ln transition occurs in
squared order parameter, decays linearly Viithf the onsets tvyo steps: Be.IOWT‘ th.e modulation \Z/ec;toa locks in occa-
at low T of these linear ranges df are located in the sionally at various rational valueg €7, 1, 15 €tc), however
(p,T) diagram, again a line parallel to the accumulation line't lOCksf Into the Ia_ttlce only below’s.. This result remains to
and abou?2 K above theTg line is found. This observation be verified experimentally.

again supports the conclusion that figline and the accu- The evolution of the modulation in BCCD is thus remark-
mulation line mark constant modulation amplitudes in theably different from what is known from type-I systems and

(p.T) diagram, and that foif>T, the modulation in ¢ bears for highlT some resemblance to the onset of gliding in
) ’ S

phases is not basically different from the modulation in the_systems with charge-density wa¥emd in the flux vortices

neighboring ic phases and is harmonic. in high-T, superconductors, where in fact the Ginzburg-

The very weak frequency dependences of both tempera{'-andau functional is also of the “quadratic-gradient” tybe.

turesTg and T; (Fig. 3 result in qnphy;ical Arrhenius and ACKNOWLEDGMENTS
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