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Phase front and domains during the paraelectric-ferroelectric transition in KD2PO4:
Optical observation and dielectric contributions
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Observations of the phase front and the domains during the paraelectric-ferroelectric KD2PO4 phase have
been performed in very good thermal homogeneity conditions~thermal gradient equal to 231023 K mm21).
Simultaneously, dielectric and loss constants have also been measured. The phase fronts exhibit a quasiplanar
shape perpendicular to thec ferroelectric axis. The ferroelectric region is quasimonodomain when itsc dimen-
sion is lower than 100mm. The dielectric constant is demonstrated as the sum of three contributions: a
monodomain«mono8 , a contribution of domains«d8 proportional to«mono8 with a coefficient depending on the
domain texture, and a contribution due to the existence of the phase front during the phase coexistence.
@S0163-1829~99!10829-4#
of
a

le

e

ith

st

ni
th
n

tu
i

la
st
ob

tio

as

e
o
e

s

ee
an-

t as
-
ist
t
ame

the

e
bout

er-
ob-

the
al

ob-
-

me

g
ipes
e
y

tion
the
e of
re-
I. INTRODUCTION

The KD2PO4 ~DKDP! crystal, the deuterated isomorph
KH2PO4 ~KDP! undergoes a first-order transition between
tetragonal paraelectric and paraelastic phase (42̄m) which is
the high-temperature phase, and an orthorhombic ferroe
tric and ferroelastic one (mm2). The polarization which is
considered as the order parameter belongs to theB2 repre-
sentation as does the shear strainuxy due to the piezoelectric
behavior of DKDP. Moreover the shear strain appearanc
the plane perpendicular to the ferroelectric axisc, it is pos-
sible to notice the values of normal lattice deformation w
uzz56.531024 greater thanuxx and uyy ~about 131024).
In the low-temperature phase the ferroelectric-ferroela
domain structure exists with permissible walls1 in ~100! and
~010! tetragonal planes. These domains are also mecha
twins and the importance of the mechanical energy in
domain structure KDP type crystals has long been know2

Similarly the linear dependence of the transition tempera
with the deuteration degree changing from 121 to 228 K
known and explained.3,4

The DKDP transition has been studied by means of c
sical macroscopic electric measurements. The double hy
esis loops, characteristic for first-order transitions, were
served above the phase transition temperature.5 The
spontaneous polarization appears in leaps at the transi
reaching a value of about 4.231022 C/m2.6 A corresponding
jump of the shear angleuxy has been found, 248 ~Ref. 7! or
338 ~Ref. 8!, by neutron studies. The character of the ph
transition was also confirmed by calorimetric studies.9–11

The existence of a thermal hysteresis at the transition ne
to be clarified. As in other ferroic crystals the properties
DKP family crystals are frequently described within th
frame of Landau-Devonshire theory.12–15 In this approach
the thermodynamical potential~for example the elastic Gibb
energyF! is written versus the polarizationP
PRB 600163-1829/99/60~6!/3806~9!/$15.00
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with A, B, and C positive constants in temperature. Thr
characteristic temperatures, important for the first-order tr
sition, can be concluded from the above expression.T0 , the
lowest temperature for which the nonpolar phase can exis
a metastable state,T* 5T01B2/4AC, the highest tempera
ture for which the zero field ferroelectric phase can ex
metastably, andTc5T013B2/16AC, the temperature a
which both polar and nonpolar states correspond to the s
F value. In the temperature range betweenT0 and T* the
polar and nonpolar phases can exist. ThenB2/4AC is the
maximum magnitude of a possible thermal hysteresis of
phase transition. Taking into consideration theA, B, andC
values given in the literature12,13 it can be concluded that th
maximum range of the possible phase coexistence is of a
1° ~much larger than for KH2PO4). However, B2/4AC is
only the possible theoretical temperature range for the th
mal hysteresis. While the thermal hysteresis has been
served by different authors, it is interesting that when
temperature was changed very slowly with a good therm
homogeneity for the crystal, this hysteresis could not be
served practically.15 The present paper will clarify this phe
nomenon.

The first information on phase coexistence in DKDP ca
from lattice deformations by neutron diffractometry.7,15 One
of the authors16 suggests, with the intention of interpretin
the measurements, that paraelectric and ferroelectric str
perpendicular to thec ferroelectric axis alternate in th
sample. The validity of this prediction was confirmed b
direct optical observations along a tetragonal axis17 and by
x-ray topography using a synchrotron radiation.18–21 As in
both cases, the results are projections in a given direc
therefore it was not possible to make any conclusion on
phase front shape. More recently the phase coexistenc
DKDP has been systematically studied. Dielectric measu
3806 ©1999 The American Physical Society
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ments and observations along the three tetragonal axes
simultaneously performed giving a good knowledge of
phase coexistence phenomena and of the phase
shape.22–24The great importance of an external thermal g
dient Ge has been demonstrated: forGe between 1021 and
1022 K mm21, the phase front shape and orientation chan
with Ge orientation. WhenGe is parallel to the ferroelectricc
axis the phase front is quasiplanar and near~001! plane.25

When Ge is perpendicular to thec axis the phase front ap
pears as a factory roof the section of which ina1 ~or a2)
tetragonal plane has a zig-zag shape.22,26 In all cases no par
of the phase front makes an angle greater than 25° with
~001! plane except the particular case where the zig-
height equals the sample thickness. Then the energies o
zig-zag edges can decrease by relaxation in the sample
daries and their number increases.27 When the anglea value
betweenGe and thec axis changes between 0° and 90°
arc, the phase front orientation changes too with the app
ance of the zig-zag shape for a criticala value ~60° of arc
with Ge equal 1022 K mm21). A theoretical model explains
these phenomena as a competition between the mecha
and chemical energies, with a quasinegligible effect of
electrostatic energy at zero applied electric field.28 The inter-
action between the phase front shape and the domain tex
has been sometimes observed as in dagger processes
notableGe values24 but the problem remains open. For e
ample, the observation of quasimonodomain states in s
volumes of the ferroelectric phase inside the paraelectric
requires confirmation.24,25

Measurements of the dielectric constant«c8 and the loss
constant«c9 of the KDP family crystals have already bee
made versus different parameters: the amplitude and the
quency of the ac measuring field,29–31 an external dc bias
field in thec direction,32,33 the irradiation conditions withg
rays and neutrons, the thermal history, etc. Optical obse
tions of the domain texture performed simultaneously w
dielectric measurements allowed us to demonstrate the
main contribution in the dielectric properties at lo
temperatures29,34,35 as nearer the transition temperature.33,36

This effect is known even if the variation law of this diele
tric constant contribution of the domains versus the temp
ture must be clarified near the transition. Earlier studies d
ing the phase coexistence of DKDP carried out under
external thermal gradient of about 0.2 K mm21 confirm this
contribution of the domains in the dielectric properties25,26

and suggest also that the presence of the phase front in
crystal leads to an increase of its electric permittivity valu

In the present paper precise studies of the DKDP ph
coexistence under a controlled thermal gradient of a va
close to zero are presented. Dielectric measurements
performed simultaneously with optical observations of
domain structure and the phase front. They allow for a be
understanding of the phase coexistence phenomena a
detailed discussion of the dielectric properties within t
temperature region.

II. EXPERIMENTAL PROCEDURES

The DKDP crystals were grown by slow cooling of
supersaturated solution of KDP and heavy water. The
served transition at 218.6 K corresponds to a deuterion c
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centration of 90%. The weak tapering angle of the crysta~a
few degrees of arc!, the room temperature optical studie
and the dielectric properties lead to the conclusion of go
crystal quality. The sample was cut with a wire saw. T
orientations of sample faces were verified with x-ray Bra
diffraction ~accuracy of a minute of arc! and each face was
polished on a silk cloth with diamond paste. The sam
dimensions were a155.5 mm, a254.4 mm, and c
57.4 mm. Semitransparent gold electrodes were evapor
on thec faces.

The cryostat employed with a helium-gas exchange ch
ber allows optical observations and measurements a
three perpendicular axes simultaneously with dielectric m
surements. In the present case these three axes correspo
the tetragonal axes of the crystal. It has been demonstrate
a previous paper26 that the sample boundary conditions ha
great importance for the temperature of the sample. It w
noted that the thermal conductivity of DKDP is about 2
times higher than that of the helium gas and similar to
thermal conductivity of window glass. Detailed experimen
studies showed the correlation between the thermal distr
tion inside the sample, the thermal boundary conditions,
the temperature rate.25,26 The results presented here ha
been obtained in the following conditions. The sample w
hung in the helium gas chamber with the help of two th
copper wires which were also used for the electrical conta
Thec ferroelectric axis corresponded to an horizontal opti
axis and was perpendicular to the thermal gradientGe . The
thermal gradientGe in the helium gas chamber was co
trolled with an accuracy of 5 mK mm21 with the help of two
platinum resistors placed just above and below the sam
The temperatureT reported further on is that of the low
platinum resistor which was measured with a precision
231023 K. The dielectric measurements and optical obs
vations of the phase front were done while cooling and he
ing rates were lower than 1022 K min21. Only one comple-
mentary experiment corresponding to Fig. 7 was perform
with other thermal conditions which are described in the te

The sample capacity and dissipation factor were measu
using an HP 4274 A impedance meter with a measuring fi
of 0.5 V cm21 in amplitude and 4 kHz in frequency allowin
us to calculate«c8 and «c9 with a relative accuracy of 3
31023 and 131022, respectively. As already described in
previous paper24 the observations along thea1 and a2 axes
allow us to rebuild the phase front shape while the obser
tion along thec axis gives information on the domain tex
ture. The diffraction of a laser beam propagating in thec
direction37 has also been used to detect the presence of
domains.

III. RESULTS

The results obtained simmultaneously concerning
phase front shape, the domain texture, and the dielectric«c8
and «c9 are presented for clarity successively. The corre
tions between the different phenomena are obviously no

A. Phase front

In the experimental conditions previously described a
very small thermal grandientGe ~equal to or lower than 5
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3808 PRB 60JEAN BORNAREL AND RYSZARD CACH
31023 K mm21), the evolution of the phase front shape
similar during a transition from the paraelectric to ferroele
tric phase~PF! and for the ferroelectric to paraelectric pha
~FP!. When the transition begins the phase front appear
the same time in all the sample corners, which is schem
cally presented in Fig. 1~a!. That proves the good therma
homogeneity of the sample. The corners are undoubte
privileged places in the sample. First, the heat exchange
tween the sample and the surroundings is easier there.
ondly, in the sample corner a new phase is created with
minimum area of the phase front. Appearing nuclei join
such a way that from eight small phase fronts, two appro
mately flat fronts perpendicular to thec axis are created@Fig.
1~b!#.

Those fronts move towards the sample center@Figs. 1~c!
and 1~d!# where they form a wedge which disappears quic
@Fig. 1~e!#. Both fronts do not always move at the sam
speed. In the marginal cases only one front moves while
other remains still.

FIG. 1. Evolution of the phase front during a DKDP phase tra
sition in homogeneous thermal conditions (Gi;0.002 K mm21).
Schematic illustration of the phase coexistence~PF or FP cycles!
and photographs of the phase front in a sectiona1 ~FP cycle!.
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B. Domain structure

Existence and texture of the domains are others inter
ing phenomena worth studying. At the beginning of the
phase transition only a few domain walls can be obser
~Fig. 2!. It has already been noticed that domains were
observable in the initial stage of the PF phase transition.24,25

But those observations have been made on a crystal und
external thermal gradientGe equal to 0.2 K mm21. From the
present experiment with a very small thermal gradient,Ge

equal to 531023 K mm21, which corresponds roughly toGi

equal to 231023 K mm21 inside the crystal,26 it can be con-
cluded that the ferroelectric phase occupies a consider
volume of the sample whereas there are still only a few
mains. Rapid formation of the domain structure begins wh
fronts meet in the sample center and the paraelectric ph
stays only a dagger decreasing in height in thea2 direction
@Figs. 2~c!–2~e!#. At this moment, the creation of the doma
wall traversing the whole sample in thec direction is pos-
sible. When phase fronts disappear there is a fairly de
domain texture which is dominated by one of the two d
main species. Such a domain structure seems to be q
stable, but some arrangements happen in the temperatur
terval of a few degrees below the transition temperature
noted in KDP studies.33,36

The FP phase transition behaves in a similar way. T
paraelectric phase nuclei appear in the sample corners@Fig.
1~a!#. Fronts moving towards the sample center@as in Figs.
1~b!–1~d!# shorten the domain walls on both sides. As illu
trated in Fig. 3, the disappearance of the domains can
observed when the phase fronts are at a distance of a
tens of micrometers. This optical observation has been c
firmed also by studying the diffraction spectrum of a He-N

-

FIG. 2. Photographs during a PF transition of the phase front
a sectiona1 and of the domain texture in ac section.
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PRB 60 3809PHASE FRONT AND DOMAINS DURING THE . . .
laser beam propagating along thec axis. This is clear evi-
dence that the domains cannot exist when the ferroele
region is too small.

C. Dielectric properties

As demonstrated previously, due to the geometry of
phase front, the temperature gradient inside the samp
very small. In these experimental conditions the recipro
dielectric constant for the PF phase transition as a functio
temperature is presented in Fig. 4~a!. In the paraelectric

FIG. 3. Photographs during a FP transition of the phase front
a sectiona1 and of the domain texture in ac section.

FIG. 4. Temperature variation during a PF transition of the
ciprocal dielectric constant«c8

21 and of the loss constant«c9 .
ic

e
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phase near the phase transition, the Curie-Weiss law is
fulfilled with a constant 4250630 K. When the phase fron
appears@temperatureT1 in Fig. 4~b!# the dielectric constan
«c8 increases rapidly reaching a value of the order of 104. The
maximum value of«c8 depends on the dynamics of the d
main structure creation and changes for successive PF p
transitions. The phase front withdrawal from the sample@at
temperatureT2 in Fig. 4~b!# is signalized by the decreasin
of «c8 and a peak of«c9 . In the ferroelectric phase the varia
tion of the reciprocal«c8 versus the temperature is very reg
lar except when the domain structure rearrangements oc
A domain rearrangement brings about first of all a rapid
crease of«c8 and then its slow decrease to a value lower th
the one at the rearrangement beginning@see Fig. 4~a!#. Such
rearrangements always happen at a few degrees below
transition temperature. This cannot be the case if the coo
does not go too deeply into the ferroelectric phase as in
example of Fig. 5. Then the temperature dependence o«c8
obtained during cooling and heating is similar. However,«c8
values during the cooling process are always greater t
those during the heating one. Figure 5 gives an import
result: temperatures at which the phase transitions begin
practically the same for PF cycle (T1) and for FP cycle (T2),
in relatively good agreement with Zeyen’s result.15 It is dif-
ficult to comment in detail on the dielectric properties duri
the phase coexistence for the PF transition~Fig. 4!. For the
arrangements of the domain structure which happen at
same time the modification of the phase front shape com
cate the phenomena. The situation is simpler during the
transition. Then the domain structure rearrangements are
observed during heating if the crystal remained in the fer
electric phase long enough. Figure 6 presents the variatio
«c8 and«c9 versus the temperature of a sample with a regu
homogeneous domain structure~a structure containing only
one domain wall orientation!. The sample was left for 12 h a
a temperature of 200 K. During heating,«c8 changes monoto-
nously in the ferroelectric phase to a temperature ofT2 when
the phase front appears@marked~a! in Figs. 6 and 1#. From
that moment the sudden increase of«c8 and «c9 is observed.
The dielectric and loss constants reach their maximum

in

-

FIG. 5. Temperature variation of the reciprocal dielectric co
stant«c8

21 during a PF-FP thermal cycle.
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3810 PRB 60JEAN BORNAREL AND RYSZARD CACH
ues when both fronts come off the crystal surfaces@marked
~b! in Figs. 6 and 1# and the loss constant«c9 decreases
sharply just after that. A shifting of the phase fronts towa
the sample center occurs, between~b! and ~c! in Fig. 6 @~b!
and~d! in Fig. 1#. That denotes that the length of the doma
walls in thec direction decreases, and as a consequence
whole area of the domain wall decreases too. Between~c!
and ~d! in Fig. 6 in the narrow ferroelectric region a disa
pearance of the domains takes place as shown in Fig. 3
~d! the phase front disappears which indicates the end of
phase transition. After the withdrawal of the phase fro
there is a rapid decrease of the«c8 value and then it change
according to the Curie-Weiss law.

To help the discussion of the results an additional exp
ment has been carried out. The sample was put on a g
window near the platinum resistor. Furthermore the welds
a cupper-constantan thermocouple were glued with a si
paste on this platinum resistor and on the upper face of
sample. Then it was possible to measure the tempera
evolution of the platinum resistor@curve ~c!# and that of the
crystal@curves~b! and~a! for PF and FP transitions, respe
tively, as shown in Fig. 7#. Even in the present case with
relatively high temperature rate~a few 1022 K mm21), it
clearly appears that the crystal temperature stays app
mately constant during the phase coexistence. It is neces
to change the external temperature to bring thermal ene
variation for the phase transformation. As during this tim
the temperature of the sample remains quasistable, a s
change is observed when the phase front appears or d
pears@Fig. 1~a! and 1~e! or ~a! and ~d! of Fig. 6#. Then it is
easier to understand why during a FP transition the«c8 value
changes abruptly just after the phase front withdrawal@below
~d! in curve «c8(T) in Fig. 6#: the «c8 jump is in agreemen
with the variation obtained by extrapolation of the parael
tric curve until the temperature of the phase front appeara
@temperatureT2 of situation~a!#.

IV. DISCUSSION

First let us explain the dielectric constant values alrea
studied in DKDP crystals under notable thermal gradi

FIG. 6. Temperature variation of«c8 and«c9 during a FP transi-
tion.
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parallel25 or perpendicular26 to thec-ferroelectric axis. In the
case presented the quality of the temperature homogen
and the results allow the three following assumptions.

The thermal gradient in the crystal can be neglected. T
main task of this paper was an observation of the phase t
sition ~phase front and domain structure creation! as well as
the measurement of the dielectric permittivity in the con
tions near the thermal equilibrium of the crystal. The te
perature gradientGe in the helium gas exchange chamb
was controlled and regulated. Its value did not exceed 0.
K/mm. Taking into consideration the earlier discussion ref
ring to the temperature distribution in the DKDP sample26

one can assume that the thermal gradient in the central
of the sample was not larger than 0.002 K/mm. While cha
ing the sample temperature with a rate of 10 mK/min it w
observed that the phase front position was a tempera
function rather than a time one. The phase front movem
ceased when the temperature was stabilized in the phas
existence region. One can suppose that in the described
ditions of the experiment a sample efficaciously chang
heat with the surrounding gas and at every moment wa
the state close to the thermal equilibrium.

The phase transition begins at temperatureTc at which
both phases are absolutely stable. This assumption has
perimental confirmations. As earlier studies of DKDP cry
tals have already proved, the phase transition can und
without thermal hysteresis.9,15,38 Some of our observation
also confirm such a character of the phase transition. F
there is a slight difference between temperatures at which
transition begins, regardless of the phase transition direct
Secondly, a difference betweenT0 ~determined from the
Curie-Weiss law! andTc at which the phase transition star
remains constant. The difference can be considered as a
teresis measure. If there is no thermal hysteresis of transi
then Tc denotes the phase equilibrium temperature he
DT5Tc2T053B2/16AC. In all our experiments, regardles
of the transition direction, the temperature difference w

FIG. 7. The continuous line~c! corresponds to the temperatu
of the platinum resistor below the sample. Curves~a! and ~b! give
the temperature of the sample upper face during FP and PF tr
tions, respectively.
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PRB 60 3811PHASE FRONT AND DOMAINS DURING THE . . .
approximately stable and was equal toDT5(0.954
60.007) K. This means that if there is a thermal hystere
of the phase transition, it is not higher than 0.01 K.

During phase coexistence the crystal remains at temp
ture Tc . It has been known from previous literature that t
phase transition in DKDP crystal is an isothermal one.15 In
Zeyen’s experiment during the phase coexistence, the cry
temperature was constant at the same levelTc , upon cooling
and heating, confirming the absence of thermal hystere
One can assume that the phase transitions~both PF and FP!
begin atTc and the crystal remains at that temperature u
the end of the transition, despite the changes of external t
perature as illustrated in Fig. 7. After the transition, the cr
tal reaches isotherm of the surroundings.

The electric permittivity of a single domain crystal in a
isothermal state can be calculated based on the Lan
theory. Comparing calculated and measured values of«c8 we
can obtain some information about domain structure
phase front effect on the dielectric properties of the crysta25

In the paraelectric phase the reciprocal electric permittivity
a linear function of temperature~the Curie-Weiss law!

1

«P8
5A~T2T0!. ~2!

For the studied crystalA(52.6660.01)3107 Vm/C K has
been found.

In the ferroelectric phase the electric permittivity chang
with temperature according to the following equation:

1

«F8
~T!5

B2

C
24A~T2T0!1

B

C
AB224AC~T2T0!

54A~T* 2T!1
2A1/2B

C1/2 ~T* 2T!1/2. ~3!

Usually to trace that dependence we must know the value
B and C coefficients apart from valuesA and T0 . Strictly
speaking, we needQ5B2/C value because Eq.~3! can be
written as follows:

1

«F8
~T!5Q224A~T2T0!1AQ224AQ~T2T0!, ~4!

theQ parameter can be found knowing phase transition te
peratureTc and temperatureT0 as

Q5
B2

C
5

16

3
A~Tc2T0!. ~5!

This means that the electric permittivity for the ferroelect
phase can be calculated as a function of temperature w
coefficientA0 value and temperaturesTc andT0 are known.
The dependence is the following:

1

«F8
~T!5

16

3
A~Tc2T0!24A~T2T0!

1AF16

3
A~Tc2T0!G2

2
64

3
A2~Tc2T0!~T2T0!.

~6!
is
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As from the present measurements one has obtainedTc
2T0)5(0.95460.007) K, thus Q5(1.35360.015)
3108 V m/C. This Q value corresponds precisely to valu
with B54.531010V m5/C3 and C51.531013V m9/C5

known from previous studies.12,13

Geometry of phase distribution during the phase coex
ence is illustrated in Fig. 8. Taking as first approximation
model of plate capacitors, the electric permittivity of th
sample can be written as follows:

1

«8
5

VF /V

«F8
1

VP /V

«P8
, ~7!

whereVF , VP denote volumes of ferroelectric and paraele
tric phases andV is the total volume of the sample.«F8 and
«P8 stand for permittivity of the ferroelectric and paraelect
phase atTc , respectively,

1

«F8
5

1

«F8 ~Tc!
5

3

4

B2

C
54A~Tc2T0!,

1

«P8
5

1

«P8 ~Tc!
5

3

16

B2

C
5A~Tc2T0!. ~8!

At the constant rate of cooling or heating, volumesVF and
VP change, more or less linearly with external temperatur25

HenceT1 denotes the border of phase coexistence from
paraelectric phase, andT2 from the ferroelectric side thus

VF

V
5

~T12T!

~T12T2!
,

VP

V
5

~T2T2!

~T12T2!
, ~9!

and

1

«8
~T!5

~T12T!~1/«F8 !1~T2T2!~1/«P8 !

~T12T2!
. ~10!

All parameters needed for the calculations are obtained f
the present measurements:A and T0 from temperature de-
pendence of«c8 in the paraelectric phase andTc is a tempera-
ture at which the phase transition begins (Tc5T1 for PF and
Tc5T2 for FP transitions!.

In Fig. 9~a! the experiment results are compared with t
values obtained from the above equations («mono8 ). At tem-
peratureT1 , both«8 ~measured! and«mono8 change abruptly.
It can be explained by a rapid change of the crystal temp
ture fromT25Tc to T1 which is the actual temperature in th
chamber. It seems to prove the hypothesis about the isot
mal character of the phase transition. Figure 9~b! represents
the difference («82«mono8 ) which can be treated as a contr

FIG. 8. Schematic illustration of phase fronts and domains
paraelectric~P! and ferroelectric phase~F! and during phase coex
istence~PF or FP transitions!.
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3812 PRB 60JEAN BORNAREL AND RYSZARD CACH
bution of the domain structure and the phase front existe
to the electric permittivity. Figure 10 shows how the elect
permittivity should change if in the phase coexistence reg
«F8 were the same as measured at temperatureT2 . The solid
line in Fig. 10~a! represents permittivity taking into accou
the contribution of the domain structure («mono8 1«d8). Figure
10~b! reflects the difference«82(«mono8 1«d8), showing dis-
tinctly that permittivity in the phase coexistence region
higher than could be expected.

At this stage it is difficult to form unique interpretation
However comments are possible. First let us discuss the«c8
values in the ferroelectric phase. It is generally accepted
in a case of a single domain state, the dielectric constan«c8
is well described by Eq.~3!. Furthermore, it has already bee
suggested to add an additional term«d which is the domain
structure contribution.33 This term depends on the density
the domain walls2,33,36,39and clearly on temperature as illu
trated in Fig. 9. It has been well known for a long time th
the domain contribution«d8 is always greater during a coo
ing cycle than during a heating one:33,34 the density of the
domain walls is greater in the cooling cycle. In addition, th
property has been used to obtain regular domain textures
given temperature with different domain wall density usi
different temperature cycles.34 But if this result is well
known, what is the dependence between«d8 and the density
of domain walls? Because during the FP cycle the dom
structure has not undergone visible changes,«d8 variation

FIG. 9. ~a! Temperature variation of the measured«c8 and the
calculated monodomain value«mono8 ~continuous line! during a FP
transition.~b! Temperature variation of the difference«c82«mono8 .
T2 andT1 are the temperatures where the phase fronts appear
disappear, respectively.
ce

n

at

t

t a

in

with temperature in Fig. 9~b! does not result from change i
domain structure geometry. The ratio between the meas
«c8 and «mono8 calculated according to the Landau theory
presented in Fig. 11. It is natural that the ratio in t
paraelectric phase equals 1. This simply means that
Curie-Weiss law is fulfilled. However, unexpectedly, for th
FP cycle in the ferroelectric phase, the ratio is practica
constant having the value 3.8. One can expect that the v
of «c8/«mono8 depends on domain structure geometry, which
confirmed by the results presented in Fig. 12. In this case
the PF cycle, the results of Fig. 4 are used. Again«c8/«mono8 is

nd

FIG. 10. ~a! Comparison between the«c8(T) curve and the cal-
culated curve«mono8 1«d8 versusT. ~b! Calculated contribution in the
dielectric constant of the phase front existence versusT during a FP
transition.

FIG. 11. Temperature variation of the ratio«c8/«mono8 during a FP
transition.
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practically constant in the region of a few degrees below
phase transition where great domain structure arrangem
are not observed. When a notable rearrangement happe
near 210 K, an abrupt increase of«c8 occurs but with time it
decreases and«c8/«mono8 reaches a new quasiconstant val
lower that the value of the beginning. The rearrangement
the domain texture always correspond to a decrease o
domain wall density. It is now possible to describe t
known decrease of«c8 versus temperature with the followin
expression:

«c85L3«mono8

«c85«mono8 1«d8 ~11!

with

«d85~L21!«mono8 , ~12!

where the coefficientL grows with the domain wall density
Further experiments will be necessary to obtain the

pendence between the ration«c8/«mono8 and the density of do-
mains. For example, dielectric measurements may be sim
taneously performed with diffraction of a laser beam
attempt the mean domain width.36,37,40,41 Small electrical
hysteresis cycles at a given temperature will be usefu
ensure that the observed domain texture is the equilibr
one.36 In the same way thermal cycles may be used to ob
similar results.34 To conclude, quantitative information is ob
tained on the domain structure contribution in«c8 near the

FIG. 12. Temperature variations of the ratio«c8/«mono8 during a
PF transition.
e
nts

as

of
he

-

l-

o
m
in

transition. It was already clearly demonstrated in the KD
family crystals that at low temperatures below freezing,«d8
and the corresponding losses«d9 were proportional to the
total domain wall area. That proved that there is no late
interaction of the domain walls at this temperature rang34

The domain freezing corresponds to a region where the
main tips begin to move longitudinally.29 For the above tem-
perature the natural domain texture is not often the equi
rium one. The reason is that during the cooling, the therm
energy variation is not sufficient to create domain rearran
ment. Then, small thermal or electric hysteresis cycles al
the simplification of the domain texture with the decrease
«c8 and«c9 values. Domains are in strong lateral interactio
and as consequence great permittivity values at zero fiel
show by the thermal noise method. Collective phenom
between domains have been experimentally demonstrat36

such as the nonlinear response in dielectric29 and piezoelec-
tric responses. The present results concern a tempera
range near the transition where domain rearrangements
easier. The study should be continued to obtain the corr
tion between the domain texture~density, arrangement! and
the «c8 and«c9 constants.

The Fig. 10 result is obtained with hypothesis a«F8 value
during the phase coexistence equal to«F8 (Tc) given by the
relation ~8!. Our experimental results are in agreement w
the hypothesis of a quasiconstant temperatureTc in the crys-
tal during the transition obviously when the temperature r
is small~lower than 1022 K min21). But it is open to discus-
sion that the«d8 contribution should be the same for a give
sample volume at the temperatureTc in both situationsF and
FP of Fig. 8: in F the limits of the domains in a section~c!
are the sample electrodes and inFP these limits are the phas
fronts. It can be suggested that the pinning of the quasi
locations inside the wall is not the same with possible diff
ences in the domain density and in the lateral motions of
domain walls under an ac electric field. Furthermore ph
fronts can be regions with space charges electric respons
which is difficult to predict. To progress on these problem
experiments are actually performed to detect the possible
teraction between domains and phase fronts, and betwee
phase fronts themselves. The action of a small dc elec
field on the phase front by different optical methods is a
studied in these good thermal conditions. One can see
the phase front at the microscopic level is an open probl
But the result demonstrated in the present paper is clear
existence of the phase front inside the sample creates a
cial contribution in the permittivity value which can b
added to the monodomain contribution («F8 or «P8 ) and the
extrapolated domain contribution«d8 for ferroelectric regions.

V. CONCLUSION

Optical observations of phase fronts and domains dur
the DKDP phase coexistence with a high homogeneity in
sample temperature have been performed. They demons
that usually the transition happens with the help of the c
ation and motion of two quasiplanar phase fronts only alm
perpendicular to thec-ferroelectric axis. The ferroelectric re
gion remains quasimonodomain if the distance betwee
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phase front and thec sample boundary or between the pha
fronts themselves is lower than a few tens of micrometers
the other cases, domains appear in the ferroelectric re
often with walls parallel to one of both permissible orien
tions ~100 or 010!. The dielectric constant«c8 can be consid-
ered as the sum of three contributions: the contribution o
monodomain sample («P8 or «F8 ), the contribution of the do-
.

la

,

n

ic
e
In
on
-

a

mains «d8 , as observed in the ferroelectric phase at low
temperatures, and the contribution due to the phase f
existence during the phase coexistence. The«d8 contribution
follows in the temperature range of a few degrees belowTc
a simple law of variation versus the temperature«d85(L
21)«F8 with L function of the domain texture.L decreases
with decreasing density of domains.
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