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Abstract. The competition between the elastic energy and the electrostatic energy induces
particular shapes of the phase front at the KD;PO; first-order transition. The coexistence of the
two phases is reported for a paraelectric-ferroelectric transition; the relevant domain textures
and dielectric properties are described. It is shown that the tilt angle between the phase front
and the (001) plane never exceeds 22° in our experinents.

1 Intr_oduction

Crystals of the KH;PQ, family show a transition between a tetragonal paraelectric phase
(space group, [42d) at high temperatures, and an orthorhombic ferroelectric and ferroelastic
phase {space group mm2) at low temperatures. In such compounds, the polarization P,
which is considered as the order parameter belongs to the same B, representation as the shear
strain usy. Both #,, and the birefringence An,y for light propagating along the ferroelectric
¢ axis are elements of a second-order tensor and also transform as Bz. Consequently
P, uyy and An, are proportional to each other, as verified experimentaily (Bastie et al
1975, 1978). This property allows the use of an external shear stress oy, or an extemnal
electric field E; to induce modifications in uy, and P,. Similarly, the ferroelectric domains
in the low-temperature phase are also mechanical twins. The twin walls permissibie by
symmetry are the tetragonal planes (100) and (010) (Fousek and Janoves 1969). Many
domain properties depend sensitively upon the mechanical energy (Bornarel 1987). For
example, the long-range interaction between domains and between domain walls corresponds
to interactions between the quasi-dislocations which systematically exist in domain walls
not perfectly situated in the permissible walls. Many other characteristic properties of this
crystal family are explained with the help of the mechanical energy and the electrostatic
energy competition. The tetragonal-orthorhombic transition in the KDP crystal family is
found to be second order for RbH,PO,, weakly first order for KH,PO, and clearly first
order for KID;PO4. Many experimental studies have been performed in order to understand
the microscopic mechanism of the transition. DKDP crystals have been investigated using
neutron diffraction (Nelmes et al 1985), x-ray measurements (Andrews and Cowley 1986),
and polarization measurements (Sidnenko and Gladkii 1973}, specific-heat data (Strukov
et al 1968), and dielectric and electrocaloric properties (Reese 1969). On the other hand,
there have been few studies at the microscopic level, i.e. observations of domain textures
and phase coexistence. The purpose of the present paper is precisely to improve knowledge
of the phase coexistence at the paraelectric—ferroelectric (PF) DKDP transition,
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The first information on phase coexistence was given by Zeyen et af (1976) who
interpreted their neutron diffraction results with the help of Pr lamellae whose phase fronts
were planes perpendicular to the ¢ ferroelectric axis. Optical observations confirm this
hypothesis (Bastie er al 1980, Bachheimer ef al 1981). More recently it has been shown
that the coexistence of the ferroelectric and the paraelectric phases is an interesting example
of the competition between the electrostatic energy and the elastic energy (Bornarel 199],
Bornarel and Cach 1991). The electrostatic energy would be minimized by a phase front
parallel to the ¢ ferroelectric axis which avoids the existence of charges on the front, whereas
the elastic energy would be minimized by a phase front orientation perpendicular to the ¢
axis because the u,, and u,y-values (10%) are lower than the u;;-value (6.5 x 10~%). The
previous published results have confirmed this special competition state, showing typical
phase front arrangements as zigzag fronts, The purpose of the present paper is to describe
the coexistence phase in the cooling case, i.e. in a PF transition as well as in the heating
case, i.e. in a ferroelectric—paraelectric (FP) transition. The ferroglectric domain texture is
simultaneously observed and dielectric measurements are also performed.

2. Experimental procedures

The DKDP crystals were grown by slow cooling of a supersaturated solution of KbP and heavy
water. The observed transition temperature of 210.8 & 0.1 K corresponds to a deuteration
concentration of 83% for the crystal. The weak tapering angle of the crystal (a few degrees),
room-temperature optical studies and the dielectric properties lead to the conclusion that
the samples were of good quality except for the nearby crystal seed. The sample was
cut with a wire saw. The orientations of sample faces were verified with x-ray Bragg
diffraction (accuracy of 1’} and each face was polished on a wet silk cloth with an alcohol
and heavy-water solution. The sample dimensions were ¢; = 2.5 mm, @, = 5 mm and
¢ =T mm. Semitransparent gold electrodes were evaporated on the ¢ faces in the presence
of Cr vapour to improve the adhesion onto the sample. The cryostat employed with a
helium-gas exchange chamber allows optical observations along three perpendicular axes
simultaneously with dielectric measurements. There is a small temperature gradient in the
chamber and the temperatures of the sample a; faces differ by 0.2 K. However, at a given
point the temperature can be regulated with an accuracy of a few 1073 K. The cooling rate
(and the heating rate too} in the last few kelvins around the transition was 1072 K min™~.
The sample capacity and dissipation factor measured with an HP 4274 A impedance meter
allow us to calculate €, and € values with relative accuracies of 3 x 1073 and 1072,
respectively (for an electric field 10~! V cm™! in amplitude and 4 kHz in frequency).

The observations in three perpendicular axes allow us to determine the arrangement of
the two phases during their coexistence as illustrated in figure 1. The three directions
of transmitted light across the sample are the tetragonal directions. Figure 1 shows
typical arrangements of the front between the paraelectric and the ferroelectric phases and
the corresponding images which are possible to observe by microscopy: the @y and ap
images which allow us to reconstruct the phase front shape, and the ¢ image in which the
ferroelectric domains are observable and some limits of the phase fronts too. Because of
the large thickness of the sample in the ¢ direction, it is not easy to resolve the domain
texture finely, but the direction of the domain walls appears clearly. The obvious data on
the phase front obtained from the optical observations are the traces of the front on the
sampie boundaries. Moreover, it is also possible to obtain some contrasting images by
particular orientations of the transmitted light as iliustrated in figure 1 for the 2; section.
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Figure 1. Schematic representation of a typical arrangement of phase fronts with domains in
the ferroelectric phase. The images observed in the a; and a; directions allow us fo reconstruct
the phase front shape. In the representation the domains are drawn in perspective and in the ¢
tmage. The shaded regions in the a; image illustrate the optical contrast.

This phenomenon is obviously used in the present study but the origin of this contrast is
not discussed.

3. Results

3.1. The phase coexistence during a PF transition

A typical coexistence of phases is illustrated in figures 2 and 3 by a DKDP sample with a
thermal gradient 0.08 K mm~' along the a; direction. The photographs and the schematic
illustrations in figure 2 allow us to describe the PF transition; at the beginning of the phase
coexistence, ferroelectric nuclei appear at the sample ridge of the coolest a; sample face.
These nuclei are dagger shaped and elongated in the a; direction, with a triangular section.
These daggers often have the (001) plane as a bisector plane. The angle 8; observed in an a;
section between the phase front and the a; axis is about 10° or 15°. When the temperature
is stabilized, i.e. controlled with a better accuracy than 1072 K for § h, no modification of
the phase fronts arrangement is observable. If the sample is slowly cooled, the ferroelectric
phase volume increases as follows. Firstly, the daggers fasten onto the coolest a; sample
face and grow essentially in the ¢ direction until they occupy all the a; sample face (during
this lateral displacement of the dagger-shaped phase front, the B;-values are conserved).
Secondly, an increase in the volume of the ferroelectric region occurs in the g, direction, 8,
remaining constant. Then, the triangular sections of the daggers become trapezoidal when
the daggers cross all the sample in the a; directions. If in the presence of a defect a dagger
face attains a critical angle B} (about 22°), another small dagger is created on this dagger
face as shown in figure 2(a), 2, and the corresponding photograph in figure 2(b). Following
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the creation of the small dagger, the two dagger faces make an angle 8 with the (001) plane
of less than 15°. In such processes, the ferroelectric volume increases until the volume of
the paraelectric phase in the sample becomes smaller than the volume of the ferroelectric
phase. The dimensions of the paraelectric daggers decrease with decreasing temperature
following an inverse process to that observed at the beginning of the PF transition. It is
even possible to note that small daggers are sometimes created on a dagger face to avoid
Bi-values higher than the critical 8.
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Figure 2, (a) Schematic representation of a PF transition with the dagger process; (b)
comresponding photographs in the a; section.

It is interesting to note that the PF transition process happens usually with the creation
of daggers with displacements of their faces in the ¢ direction, maintaining the angle 8, as
previously described. However, situations such as that in figure 2(b), 4, can be observed. In
such cases, the phase fronts which are the dagger faces also make an angle 8, with the (001)
plane, as an a section. Similar to 8, the f,-values never exceed a critical value 85 (also
equal to 22° in the present experimental conditions). What information on the ferroelectric
domains during the PF transition does the observation along the ¢ direction provide? At the
beginning of the PF transition, with a ferroelectric volume equal, for example, to a tenth
of the sample volume, no domains can be observed. It is difficult to conclude whether the
ferroelectric phase has a monodomain nature or whether the domains cannot be observed by
the optical methods used. The domains appear clearly when the ferroelectric phase volume
reaches 20 or 30% of the sample volume. The domain walls are parallel to the dagger
bases which are a, planes, as illustrated in figure 3(b). No important domain arrangements
occur during the major part of the PF transition, but at the end of the PF transition, when the
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Figure 3. Schematic representation of a pF transition with the dagger process. The observed
ferroelectric domains are drawn.

paraelectric daggers decrease so much that ferroelectric regions cross the whole sample in
the a, and ¢ directions (see figure 3(d)), rearrangements of the domain texture are observed.
These texture modifications often allow different species of domains to exist, i.e. permissible
walls in a; planes as well as in @, planes.

3.2. The phase coexistence during a FP transition

To obtain reproducible results for FP transitions, the temperature of the sample is kept a
few kelvins below the transition for at least 10 h and then heated with a heating rate less
than 10~2 K min~'. In such experimental conditions, the FP transitions always occur with
very regular modifications of the phase front in time and without observable domain texture
arrangements, these textures only being scanned by the phase front. The modifications of
the phase front shapes during the Fp transition are similar to those previously described in
the PF transition, and figures 4 and 5 illustrate the processes observed. In figure 4, daggers
elongated in the a, direction, with their faces approximately parallel to this axis, change
their volume by translation of their faces along the c direction. Different situations in the
FP transition are illustrated in figure 4 by photographs simultaneously obtained along the a;
axis and along the 4, axis. It is possible to see that 8, is always less than 15°, and B8, is
usually about zero.

Figure 5 illustrates another process which can be observed during a FP transition; a small
number of daggers are created with 8, always equal to about 15°. During the FP transition,
B, increases until it reaches similar values. The disappearance of the ferroelectric phase
happens either with small thin daggers as shown in figure 5 or by a phase front translation
across the sample. In all cases the values of 8; and 8; do not exceed 20°.

3.3. Interaction between the phase front and the defects

No attention has yet been given to interactions between the phase front walls themselves.
However, repulsive phenomena can be seen when a new dagger is created on a phase front
wall such as in figure 2(b), the trace of the large dagger in the a; section increases in
figure 2(b), 1, and becomes smaller in figure 2(b), 2, after the creation of the new dagger.
However, if interactions between phase front walls exist, they do not appear as strongly as
those between the ferroelectric domain walls for the same crystals.
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Figure 4. Different arangements of the phase fronts during a rp transition. For each arrangement
the upper photograph corresponds to the a; section and the lower photograph to the a; section.

In the same way, the interaction between the phase front and the sample boundaries is
not clearly demonstrated. Except when the phase front is at a sample ridge, which could
be a strained region, its motion seems similar near the sample boundary and in the bulk.
However, the interaction is clear near the original pyramidal section of the seed where there
is a large density of dislocations and mechanical defects. Figure 6 gives a typical example
of the strange phase front shapes with ferroelectric regions completely surrounded by the
paraelectric phase. The smooth shapes of this observed phase front and the non-detectable
interactions between a phase front and the sample boundary lead us to suppose that the
mechanical energy of the phase front itself seems relatively small.

3.4. Dielectric measurements

The dielectric constant €, and the loss constant € in the c-axis direction have been measured
simultaneously with the optical observations, and their dependences on temperature are given
in figure 7 for a PF transition, in a temperature range of a few kelvins around the transition,
The variation in €,(T) is well described in the paraclectric phase by a Curie-Weiss law
€. =C/T — Ty with C = 3.5 x 10°> K and Ty = 210.1 £ 0.1 K. In this high-temperature
phase, the loss constant €/ has a small value, lower than unity, as shown in figure 7(b).
The increase in € corresponds clearly to the appearance of the ferroelectric phase and thus
can be used to detect when the phases coexist. On the contrary, during the first stage of the
phase coexistence, €, is still well described by the Curie-Weiss law as figure 7(a) shows.
The variations in €,(T) and €/(T) during the phase coexistence are given in figure 8 for
a PF transition and for a FP transition. The highest temperature of the phase coexistence
region is reproducible with an accuracy of 10~2 K in successive PF or FP transitions (equal
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Figure 5. Photographs of a part of the sample observed along the a; direction during a Fp
transition. Three schematic representations help us to understand the phase front shape.

Figure 6. Strange phase front shapes in the bulk of the sample near the crystal seed. This
photograph corresponds to the g section.

to 210.90 + 1072 K). The lowest temperature, i.e. the limit between the coexistence region
and the full ferroelectric state, can change to a few hundredths of a kelvin essentially for FP
transitions where domain textures seem to play a role. The simultaneous optical observation
of the phase front and of the domain texture allows us to comment on the €/(T) and €/(T)
curves. Firstly, each modification in an €/(T) curve is clearly correlated to a phase front
displacement or modification. Secondly, the €.(T) and €/(T') values are larger in the PF
transitions than in the FP transitions for a given temperature. As already explained (Bornarel
1987, 1991), during a PF transition, the domain texture exhibits many rearrangements of
domain complexes (in a complex the domain walls are parallel to the same a tetragonal
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direction} and modifications of the domain widths with decreasing temperature. This induces
high dielectric and loss constant values. On the contrary, during a FP transition, the domain
texture which has been stabilized at low temperatures does not change its configuration. The
observation along the ¢ axis shows only a reduction in the optical contrast with increasing
temperaiure due to the enlargement of the domain wall widths.
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Figure 7. Variation in the dielectric properties with temperature around a PF transition: (a)
dielectric constant ¢, versus T; (&) loss constant ¢ versus T. The first appearance of the new
phase (210.9 K) and completion of the phase transformation (below 210.7 K) are identified by
thin straight vertical lines.
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Figure 8. Variation in {a} €, and (b} €7 with T during a »F and a FP transition. The phases
coexist in the temperature range 210.7-210.9 K. The Curie-Weiss faw is satisfied in the pF
transition above 210.83 K. The sharp drops in the curves correspond o abrupt displacements of
the phase front,

4. Discussion

The coexistence of the ferroelectric phase and the paraelectric phase in DKDP has been
observed in a temperature interval of 0.2 K., This temperature interval must change with the
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experimental parameters such as the cooling {or heating) rate and the thermal gradient in
the sample. The corresponding values in the present results are equal to 1072 K min™' and
0.08 K mm™, respectively in the a; direction. Further studies are necessary to improve
knowledge of the coexistence temperature range, especially with a very small temperature
rate and gradient.

The case reported confirns the greater importance of the elastic energy than of the
electrostatic energy for the phase front orientation. Thus, if the phase front is not exactly
in the (001) plane, which would correspond to the optimum situation for the elastic energy
minimization ir a simple model (Bastie ef @/ 1980) using the Khatchaturyan (1967) analysis,
it is very near; the angles §; and £, are usually equal to 10° or 15° and do not exceed
22°, It is necessary to study the phase coexistence in samples of different dimensions and
with different thermal gradients in magnitude and orientation. It is possible, for example,
to imagine that a thermal gradient parallel to the ¢ axis induces a phase front in the (001)
plane. Such experimental studies are in progress in our laboratory. It is also important to
verify whether the critical angle 8* (= 22°) observed here corresponds to the experimental
conditions used or whether it is the more general result of the erergy minimization taking
the phase front surface energy also into account. To progress in this direction, it is important
to demonstrate whether the phase front contributes to the dielectric and loss constants, and
then to separate these contributions from others.

The explanation of the following observation remains open: when the phase coexistence
begins in a PF transition, in the major part of the ferroelectric region, €. still follows a
Curie-Weiss law (figure 7(2)) and it is only by accurate attention to €. values that the
presence of the phase coexistence can be detected (figure 7(b)). The non-cbservability of
the domain texture can be interpreted either as a monodomain ferroelectric region, or by
such a thin domain texture that it was not possible to observe it optically. If the first
hypothesis was confirmed, inieresting maodels could be suggested using for example the role
of the ferroelectric volume on the transition temperature because it has been known for a
long time that the polydomain or the monadomain states are important for the existence
of the transition (Jaccard er @/ 1953). Even better experimental results are necessary to
discuss the different theories and models of interface orientations (Roytburd 1974, 1987,
Sapriel 1975, Aleshko-Ozhevskij 1983, Chervoncbrodov and Roytburd [1988). Finally,
further experiments must clarify the possible correlation between the domain texture species,
the orientations of the domain wails and the phase front shape.
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