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Abstract. It is found that the unrelaxed impurity dipoles can arrange themselves linearly
in the structure joining each other end-to-end in pseudocubic [ 110] direction at the tetragonal
to the orthorhombic phase transition. It is shown that this alignment precedes the domain
formation at the phase transition, which implies quick movements of the dipoles in the
structure, and a strong dipolar interaction, The experiments with the application of dc fields
to the crystals showed that the dipolar interaction becomes stronger with the field. The
dipoles can see each other across the existing domain walls implying the large distance nature
of the interaction. The observation of impurity clusters arranged in pseudocubic 1-110]
direction confirmed the large distance nature of the interaction. It is concluded that this
strong, large distance interaction is very interesting in as much as such an interaction of
dipoles forms the basis of ferroelectricity.
Keywords. Impurity dipoles; cooperative ordering; phase transition.
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1. Introduction
Saburova (1973) and Vugmeister and Glinchuk (1983) observed inducement of
ferroelectricity by the impurity dipoles in otherwise nonferroelectric crystals. In
crystals that are already ferroelectric, it should be interesting to investigate the role
played by such dipoles. Some work in this direction has already been done by Litvinov
(1983), Nakatani Noriyuki (1986), Lebedev and Sluchinskaya (1987), and very recently,
by Ingle and Kokate (1990). The present paper reports the evidence for strong, large
distance interaction of these dipoles in K N b O 3, which should be quite interesting in
the context of the models to be set up to understand ferroelectricity in this crystal as
well as crystals in general.

2. Impurity dipole arrays in [110] directions
Ingle and Kokate (1990) have shown that the impurity dipoles in K N b O 3 are quite
mobile at the Curie transition temperature 435°C and can move in the structure, that
theY align themselves in the direction of the spontaneous polarization of the tetragonal
phase, i.e., in pseudocubic [100] direction, and that they tend to relax to the ionic
state as the crystal is cooled. It follows that some of these dipoles may well be expected
to remain in the unrelaxed state at the tetragonal to the orthorhombic phase transition
at 225°C. If they possess sufficiently large mobility and strength of interaction at this
167
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Figure 1. A photomicrograph of pseudocubic (001) crystal surface showing dipole impurity
arrays in pseudocubic [110] directions. (210 x ).

transition, they can be expected to form linear structures in pseudocubic [110]
directions, i.e., in the allowed directions of Ps in the orthorhombic phase, as they were
reported to form such structures in the tetragonal phase in pseudocubic [100]
directions by Ingle and Kokate (1990). Since not many dipoles remain in the unrelaxed
state up to 225°C, such linear structures are not commonly found. However, the
persistent search for them did show their possible existence as seen in the photomicrograph of figure 1.
This photograph shows a naturally grown pseudocubic (001) surface, where the
linear structures AB and BC, DE and EF are the required lines of impurity
segregation. It is possible to show that these lines lie in pseudocubic [110] directions
making use of the known possible orientations of the domain lines (Deshmukh and
Ingle 1971, 1972). Referring to the region marked by an arrow in figure 1, we find
that the domain structure here is formed by 60 ° domain lines that lie parallel to
pseudocubic [001] directions since the micro impurity dipole arrays marked I on the
photomicrograph are present in alternate domain regions, and such situation can
exist only in the case of 60 ° domains of the above type as shown schematically in
figure 2. The linear impurity structures AB, BC, etc. are at 45 ° with the 60 ° domain
lines, and hence lie in [110] directions.
It is also necessary to distinguish these impurity structures from the domain lines
that can also lie in pseudocubic [110] directions and look very much like the impurity
structures in the photomicrograph. This was done by obtaining an electron micrograph
over the crystal surface [figure 3]. It is seen that the linear structures are composed
of several parallel lines close to each other, and the domain lines cannot lie so close
as the domain width is never so small. Also, the linear structures cannot be mistaken
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Figure2. A sketch explaining the occurrence of dipole impurity array in alternate domain
regions.
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Figure 3. An electron micrograph over the crystal surface shown in figure 1. (1320 x ).

as the layer boundaries as the electron micrograph clearly shows that the individual
lines constituting the structures AB and BC do not meet each other at the junction.
This observation of the linear impurity dipoles in pseudocubic [110] directions
dearly indicates sufficiently large mobility and strength of interaction for the dipoles
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at the tetragonal to the orthorhombic phase transition. Without such an interaction,
the dipoles could not have co-operatively moved in the structure, and aligned
themselves to form linear structures. This aspect is examined in detail in the next
section.

3. The mode of array formation
The formation of linear arrays undoubtedly shows that the dipolar interaction is
strong, but the strength can be judged from the way the dipoles diffuse in the crystal
structure. We may, for example, examine if the domain structure is formed first, and
the impurity dipoles then diffuse to their sites to reduce their free energy, or the linear
arrays are ready before any domain structure is formed. The latter type of situation
would certainly mean that the diffusion of impurity dipoles is quite fast, and the
dipolar interaction is very strong.
Now, it can be shown that the former type of situation cannot exist since no domain
structure can satisfy the conditions necessary for diffusion and formation of an array
in pseudocubic l110] direction. The simplest domain structure that one may associate
with line of impurity aggregate is as shown in figure 4(a). The structure has a 60°
domain around the impurity array so that the diffusion and alignment of the dipoles
is facilitated. However, Deshmukh and Ingle (1971, 1972) have shown that for the
domain wall positions as shown in figure 4(a), the polar axes orientations should be
as shown in figure 4(b). Since the orientation of the Ps here is nowhere in the observed
pseudocubic (001) plane, there is no chance of the dipoles being aligned as shown in
figure 4(a). In another anticipated domain structure shown in figure 5, one finds that
such a structure is theoretically possible, but the domain width has to be quite large
which is not normally obtained in this crystal (Deshmukh and Ingle 1971, 1972).
One might finally think of a complicated domain structure shown in figure 6. Such
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Figure 4(a). A sketch showing the expected domain structure around the line of impurity
segregation in pseudocubic [110] direction.
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a structure is permissible but again is rarely observed. Thus it is obvious that domain
formation takes place, generally, only after the dipoles have arranged themselves in
the structure. The studies of domain structures induced by the impurities (Ingle et al
1988) have also shown that the domain structure depends on the positions of the
impurity dipoles rather than the positions of the impurity dipoles depending on the
domain structure.
The experimental evidence also shows that the process of dipolar arrangement and
domain formation can be at the most simultaneous, the former process being faster
in general. Referring to figure 2, it is seen that the dipolar array formation is
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Figure 4(b). A sketch showing the domain structure that actually exists when the 60 °
domain lines lie at 45 ° with the edges on the observed pseudocubic (001) plane.
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Figure 5. A sketch showing a wide 60 ° domain that must be present for formation of an
impurity array in pseudocubic F110] direction.
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Figure 6. A sketch showing the domain structure that is associated with an array of impurity
dipoles in pseudocubic (110) direction.
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Figure 7(a).

A sketch explaining the occurrence of wavy impurity dipole arrays.

Figure 7(b). The photomicrograph showing the domain structure and wavy impurity dipole
arrays as worked out schematically in figure 7(a). (1290 × ).
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discontinued at A on account of the domain wall existing at that point. The wall
turns the directions of Ps on the right hand side of the wall. Correspondingly, the
linear array of the impurities cannot exist in this domain region. If the processes of
domain formation and array formation occur simultaneously, the occurrence of the
wall at B again rotates the direction of Ps making the array formation possible again.
Thus we get the arrays of impurity dipoles in the alternate domain regions. We get
exactly this type of situation at I in figure 1. Figure 7(a) shows another possible
situation, this time involving 90 ° domains. In this case, the direction of P, is in the
observed pseudocubic (001) plane on either side of the domain line. Correspondingly,
one should get a wavy type of dipolar arrangement. The photomicrograph in
figure 7(b) shows this type of structure in the region enclosed within a rectangle.

4. Effect of de field

Our earlier work (Ingle and Kokate 1990) showed that the relaxed dipoles can be
re-excited to the dipolar state under the action of the externally applied dc field to
the crystal. Under these conditions, one has a chance to watch their diffusion in the
structure, and note their strength of interaction. The photomicrograph in figure 8(a)
shows a (001) crystal surface before application of a dc field. No dipolar array in
pseudocubic [110] direction is visible on the surface. The crystal was then subjected
to the dc field 104 V cm- 1 for 10 min, and the same crystal surface was re-photographed
[figure 8(b)]. It is seen that this photograph now shows arrays of impurity dipoles
AB, CD and EF in pseudocubic [110] directions. Interestingly, the arrays AB and
CD are parallel to each other, while the array EF is perpendicular to the (110)
direction, enabling us to see the alignment of impurity dipoles in both the possible
P~ directions in the observed pseudocubic (001) plane.
The above experiment establishes that the dipoles are able to diffuse in the structure
in the existing domain structure. One can clearly see the newly formed dipole arrays

Figure 8(a). The Dhotomicrogr~iph of the crystal surface [pseudocubic (001)] before
application of dc field (910 × ).
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Figure 8(b). The photomicrograph of the crystal surface shown in figure 8(a) after
application of the dc field 104Vcm -1 for 10min. (910 x).

cutting the existing domain lines in figure 8(b). Clearly, the dipoles are able to see
each other across the domain wall, which means in turn that the dipolar interaction
becomes quite strong under the influence of the externally applied electric field. Also,
the large distance nature of the interaction is clearly indicated.
The experiments with the dc fields also confirm the simultaneous occurrence of
dipolar arrangement and domain formation, mentioned in the previous section.
Figure 9(a) shows a crystal surface before application ofdc field. The field 6 x 103Vcm- 1
was applied to the crystal for 24 hours, and the crystal surface was re-photographed
[figure 9(b)]. This photograph shows the dipole arrays in pseudocubic [110] direction
and the array at N is seen to be associated with the domain structure exactly as
shown in figure 6, which is indicative of the simultaneous occurrence of the processes
as mentioned in the previous section.
That the lines in figure 9(b), said to be domain lines, are really so can be confirmed
from their linear dimensions, that are of the order of a few microns, in agreement
with the dimensions predicted by the model of domain wall nucleation given by Ingle
et al (1988). According to this model, the actual edge length of the wall, and hence
the domain line depends upon the strength of the field applied, decreasing with the
increase in the dc field. Hence, if we compare the structure in figure 9(b) with the
similar structure which is observed without the use of any external dc field, we should
expect a definite change in the dimensions of the domain lines. The photomicrograph
in figure 10 shows a structure as in figure 9(b) and has been obtained without the
use of any dc field. The walls corrresponding to domain lines as at A [figure 10] have
been nucleated under the influence of the dc fields already existing in the crystal.
Since these fields are considerably smaller in magnitude, the domain lines are
considerably larger as compared to the domain lines at S [figure 9(b)].
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Figure 9(a). The photomicrograph of a pseudocubic (001) crystal surface before application
of the dc field. (1180 x).

Figure 9(b). The photomicrograph of the crystal surface shown in figure 9(a) after
application of the dc field 6 x 103 Vcm -l for 24. (1180 x).
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Figure 10. A photomicrograph showing step ladder structure of the microwalls. (1130 x ).

Figure 11. A photomicrograph of pseudocubic (001) crystal surface showing impurity dipole
clusters C~, C2, C3, etc. aligned linearly in pseudocubic [110] direction. (710 × ).

5. Large distance nature of interaction

The density of impurities in the crystals used is typically of the order of 1016m-3,
which means that the average distance between the two impurity dipoles is not less
than 10/~ considering that many of the dipoles exist in the relaxed state. The fact that
these dipoles can mutually interact, and join each other end-to-end in the direction
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of Ps, not as an exception but as a common phenomenon, clearly shows that their
mutual interaction is large distance. The dipoles instead of moving towards each
other can alternatively participate in the process of domain formation thereby
attaining electrical equilibrium in their surroundings. Since the typical edge length
of the microwall associated with the impurity dipole is of the order of a few microns,
as found experimentally and also as given by the model of Ingle et al (1988), the
dipoles are seen to be separated from each other in the structure at least by a distance
of a few microns.
Clusters are often formed in the structure by the impurity dipoles, as the dipoles
deviate slightly from their perfect orientation on account of local conditions leading
to some sideways interaction (Ingle and Kokate 1990). Interestingly, such clusters are
also found to arrange themselves linearly in the structure in the direction of P~, even
while they are at a mutual separation of about 20p. In the photomicrograph of
figure 11 one can note the clusters C1, C2, C3, etc. so arranged in the observed
pseudocubic (001) plane. In the absence of a large distance interaction between the
dipoles, such linear alignment of the clusters is obviously not possible.

6. Conclusion
Thus we get enough experimental evidence to show that the mutual interaction
between the impurity dipoles is quite strong and large distance. This is clearly shown
by the fact that the impurity dipoles can get attracted to each other, and join each
other end-to-end, even before the domain formation starts at the tetragonal to the
orthorhombic phase transition. Indeed, the interaction is so strong that the dipoles
can see each other and diffuse across the existing domain walls under the influence
of the externally applied dc electric field. Of particular interest is the fact that this
interaction is large distance, the minimum distance being of the order of a few
microns. It is evident that such large distance strong interaction should affect the
physical properties of the crystal significantly. It is not intended here to go into the
origin of such an interaction, but its importance can be immediately realized if one
remembers that the co-operative large distance interaction of the dipoles forms the
very basis of ferroelectricity in crystals. One is reminded here of the work of Vugmeister
and Glinchuk (1983) who reported that the impurity dipoles can induce ferroelectricity
in otherwise nonferroelectric crystals.
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