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Abstract. Switching studies have been carried out in partially switched KNbO3 single crystals
by observing switching transients and hysteresis loops. The crystals used contained ordered
impurity dipoles that are active in nucleating domains around them. Partial initial switching
was obtained by applying known compressive stress to the crystal by means of a spring. The
partially switched nature was determined by recording the photograph of the crystal surface.
The changed domain structure on the surface gave a clear idea of the extent of partial switching.
As the compressive stress was gradually increased, the crystal showed increased initial
mechanical switching through the mechanism of evaporation of domain walls associated with
ordered impurity dipoles. The dipoles then switch systematically converting 90° domains with
polar axes in the plane of plate into 60° domains with polar axes in the perpendicular
pseudocubic {001} planes. The initial switching condition changes the switching characteristics
as determined by hysteresis loops and switching transients. The results are interpreted in
terms of domains in the crystal. If the dipole density is quite high, the effect of the dipoles
becomes negligible, and the switching behaviour approximates that of a normal ferroelectric.
The switching transients and the hysteresis loops in the crystals containing cooperatively
ordered dipoles are basically different from the ones observed in normal ferroelectrics. The
anomalous behaviour is detrimental to the use of material in device applications. Hence, it is
shown that the switching trans.ients and hysteresis loops provide a ready means of detecting
the presence of these ordered impurity dipoles.
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1. Introduction

Ingle and Dupare [1] recently reported that the switching mechanism in KNbO3
single crystals containing cooperatively ordered defects is radically different from the
one normally observed in ferroelectrics. This difference arises from the fact that the
defects when they are ordered easily induce nucleation of domains around them, and
the entire domain structure in the crystal may be formed by this mechanism (Ingle
and Moon I-2, 3]). The switchiag in such crystals involves evaporation and renucleation
of these domains, and dP/dE is strongly time-dependent leading to anomalous
hysteresis loops even at low frequencies. The distorted loops reported earlier by
Fousek and Berezina 1-4] had their origin in the inability of the domains to follow
the changes in the electric field, and this effect naturally occurred only at high
frequencies. The distorted loops reported by Jaskiewicz [5], Maleshina [6], Boser
1-7], etc., were also modifications of regular hysteresis loops.
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To obtain more information about the switching mechanism in crystals containing
ordered defects, investigations were undertaken to study the switching simultaneously
by hysteresis loops and by switching transients. Initially conditions in the crystal
could be changed by effecting partial mechanical switching. The effect of the change
of defect density was also studied by using samples containing widely varying defect
density.
It has been shown earlier [1] that only two types of defects can operate in the
manner mentioned above, and they are dislocations and the impurity dipoles. The
ordering is exclusive of each other, i.e. either the ordering is by dislocations or by
impurity dipoles at a given place in the crystal. Correspondingly, in a small crystal
flake, the entire domain structure is either due to dislocations or due to impurity
dipoles. The cooperative ordering has been studied in detail by Ingle and Dupare [8]
and Ingle et al [9]. Though the basic nature of the response of the domains nucleated
by dislocations and by impurity dipoles is the same, the impurity dipole-related
domains yield more readily to analysis and understanding. Hence, crystals containing
ordering by impurity dipoles were selected for study. The nature of the defects can
be easily checked by the etching technique [2].
2. Experimental

Single crystals of KNbO3 were grown by the technique of Deshmukh and Ingle [10].
These crystals contain oxygen vacancies, which give rise to impurity dipoles when
the niobium ions are replaced by the impurity ions [2, 3, 11]. These impurity dipoles
get ordered in the structure if the dipole density is appropriate [8], and induce
nucleation of domains around them at the nonferroelectric to ferroelectric phase
transition. The chemical nature of impurity is immaterial [12], and no impurity
was deliberately added during crystal growth. The substitution of niobium ions occurs
mostly due to platinum ions [10], as the crystals are grown in a platinum crucible.
The crystal has a smooth cleavage along pseudocubic {001} plane, and small thin
flakes with major surfaces {001} can easily be obtained. One of the major faces of
the crystal was photographed to obtain evidence of the domain pattern. This pattern
is directly related to the distribution and orientation of the impurity dipoles in the
crystal. The crystal flake could then be subjected to adjustable compressive stress for
which the following experimental arrangement was made. The crystal flake with
platinum foils in contact with the two major faces was sandwiched between a pair
of copper plates, the lower plate being rigidly fixed to the table. A spring with flat
end faces' was mounted in vertical position on the upper copper plate. The upper
end of the spring wire was attached to a screw head that rotated in a horizontal
plane. This rotation compressed the spring which in turn applied compressive stress
to the crystal. The known rotation of the screw head gave the change in length of
the spring. To calculate compressive stress, the screw head was removed, and a thin
copper plate was placed horizontally on the spring. A weight to be put on the light
copper plate to produce identical change in length was then determined. The
compressive stress produced by the spring on account of rotation of the screw head
is clearly equal to the stress produced by the combined weight of the light copper
plate and the weight placed on it. The stress was calculated by dividing the force
exerted by the spring by the face area of the spring.
To start with, the crystal was kept unstressed, and the switching transient was
recorded on the CRO screen by applying a square wave pulse of 1"5 x 102 V cm220
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and a frequency of 50 Hz. Immediately afterwards, the hysteresis loop of the sample
was obtained, and the face photographed earlier, was rephotographed to note the
changes in domain pattern. This procedure was repeated applying known compressive
stress to the crystal. The compressive stress produced some initial mechanical
switching of the crystal, and the switching transient and the hysteresis loop obtained
immediately afterwards recorded the switching characteristics under this initial partial
switching condition. The face of the crystal was photographed again to give
information on domain structure produced as a result of partial mechanical switching.
The cycling through the hysteresis loop and the process of obtaining switching
transient does not change the domain condition in the crystal. This way, a series of
observations were recorded for hysteresis loop, switching transient and the crystal
surface morphology for various gradually increasing values of the compressive stresses.
The experiments were then repeated on the sample that contained very high value
of dipole density. Such crystals can be easily recognized by their blue colouration.
The switching characteristics of a ferroelectric are usually studied by applying fields
which are more than the coercive field of the concerned material. At room temperature
KNbO 3 has a coercive field ~ 2"5 kV cm- 1. However, in the present investigation an
electric field 1.5 x 102V cm-1 has been used. This is because KNbO3 crystals containing
cooperatively ordered impurity dipoles have altogether different mechanism of
switching that has no coercive field in the convenational sense (Ingle and Dupare
[13]. In fact, experiments were performed using different fields, and results with the
field 1"5 x 102Vcm -1, that are rather typical, are discussed in this paper. The
hysteresis loops observed in these crystals are radically different from ones observed
normally. The polarization reversals are completely associated with impurity dipoles
and no saturation effects are observed as in normal ferroelectrics.
3. Results and discussion

Figure 1 shows the photomicrograph of the crystal face used for the experiment. The
surface shows the ordered domain structure on the left hand top corner, and the rest
of the surface shows lack of domain structure. The black dots in this region show
the impurity aggregates that have tendency to arrange linearly at T~ ([14]). If these
impurities cannot form linear structures, or get arranged orderly, they get randomly
distributed as seen here.
The crystal was then subjected to a compressive stress 12.44 × 103 Nm -2 and the
crystal surface shown in figure 1 was photographed [figure 2 (a)]. This photograph
shows that some ordering of the impurities has occurred, particularly in the lower
right region. The ordered impurities are marked by arrows at some sites to realize
this. The hysteresis loop in figure 2(b) shows kinks which characteristically represent
domains that are associated with cooperatively ordered impurity dipoles. Ingle and
Dupare [1] showed that such kinks are due to nucleation or evaporation of these
domains. Thus, the ordering as seen in the photomicrograph of figure 2(a) is confirmed
by the hysteresis loop in figure 2(b). The switching transient in figure 2(c) also confirms
the cooperative ordering in as much as it is quite different from the one obtained in
a normal ferroelectric where we get rather broad triangular pulses [15]. The rise and
fall of current in the present case is very sharp, and the current oscillates when the
voltage pulse is taken off.
It can be seen from figure 1 (top left region) and figure 2(a) (top left and bottom
right region) that the domain structure in the crystal is formed by 90° domains, where
Pramana - J . Phys., Vol. 41, No. 3, September 1993
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Figure 1. Photomicrograph of the surface of the crystal used for switching (487 x ).

the polarization throughout lies in the plane of the plate as shown in figure 3. Since
the impurity dipole moments are parallel to Ps directions [3], the impurity dipoles
lie in the plane of the plate.
The crystal was next subjected to compressive stress 33.78 × 103 Nm -z. The crystal
surface seen in figure 2(at now shows many changes [figure 4(a)]. In the top right
hand region 60 ° domains are obtained. These domains are of two types: (1) with
domain lines parallel to edge, and (2) with domain lines at 45 ° with the edge. The
domain structures in the two cases are shown in figures 5(at and 5(b) respectively.
The impurity dipole moment directions being parallel to Ps directions, it is seen that
many dipoles have now switched in response to the compressive stress. Even in lower
right .region, the dipoles are seen to have switched, 90 ° domains giving way to 60 °
domains of the type of figure 5(at. Thus, there is increase in the 60 ~ domains in the
crystal as a result of partial switching. This is corroborated by the hysteresis loop
shown in figure 4(b). The loop now shows less severe kinks as compared to those
seen earlier [see figure 2(b)]. Since a kink is associated with nucleation or evaporation
of a large domain [1], reduction in the size of the kink means reduction in the size
of the 9if" domains on account of partial change of domain structure from the type
in figure 3 to the type in figure 5(at. There are some small changes in the switching
transient also [figure 4(c)]. The height of current pulse is somewhat reduced, and
also the zs value. Thus, the overall area under the current pulse corresponding to the
switched polarization [5(dP/dt)'dt] has decreased on account of initial mechanical
switching. Indeed, it is seen that as further compressive stresses are applied the area
under the current pulse goes on decreasing continually. The decrease in current pulse
height is also seen to increase as the applied compressive stress is increased.
222
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Figure 2(a). The photomicrograph of the crystal surface shown in figure 1 after
compressive stress 12-4 x 103 Nm -2 was applied to the crystal (487 x ).
Figure 2(b). The hysteresis loop with the compressive stress 12.4 × 103Nm -2
applied to the crystal. Scale: E axis (1 div = 650v/cm), P axis (1 div = 3'9 pc).
Figure 2(c). The switching transient with the compressive stress 12.4 x 10 3 Nm-2
applied to the crystal. Scale: E axis (1 div = 650 v/cm), I axis (1 div = 24 x 10- 3 amp).

As the compressive stress was increased to a higher level 83"5 x 1 0 3 Nm -2, a lot of
initial switching occurred as seen in the photomicrograph of figure 6(a). The hysteresis
loop and the switching transient obtained in this case are shown in figures 6(b) and
6(c) respectively. The hysteresis loop now shows a double loop and the outer loop
has only a few kinks. Such double loop formation can be due to weakening of bonds
between two domains or two types of domains, 90 ° and 60 °, or between domains
formed by ordered impurity dipoles, and formed otherwise. In as much as both the
loops show kinks the outer loop with a few kinks should correspond to small, newly
formed 60 ° domains, while the inner loop with many kinks should correspond to 90 °
domains. Thus, the hysteresis loop in figure 6(b) shows increased participation of 60 °
domains which are formed by initial mechanical switching seen in figure 6(a). The
switching transient in figure 6(c) also corroborates this. One can see here the changes
of slopes in the switching current pulse at A and B [figure 6(c)3, and these changes
of slope are indicative of different rates of polarization change with respect to time,
clearly corresponding to switching of different type of domains. This becomes clear
Pramana- J. Phys., Voi. 41, No. 3, September 1993
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Figure 3.

A sketch showing 90 ° domains with polar axes in the plane of plate.

Figure 4(a). The photomicrograph of the crystal surface shown in figure t when
compressive stress 33.7 x 103 N m - 2 is applied to the crystal (487 x ).
Figure 4(b). The hysteresis loop with the compressive stress 33.7 x 103 Nm -2
applied to the crystal. Scale: E axis (1 div = 650v/cm), P axis (1 div = 3.9/ac).
Figure 4(c). The switching transient with the compressive stress 33.7 × 103 N m - 2
applied to the crystal. Scale: E axis (1 div = 650 v/cm), I axis (1 div = 24 x 10- 3 amp).
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(b)
A sketch showing 60° domains when a domain line on pseudocubic
is parallel to the edge.
A sketch showing 60° domains when a domain line on pseudocubic
is at 45 ° with the edge.
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if one compares the transient in figure 6(c) with the transient in figure 2(c), wherein
one finds that there is no change of slope corresponding to B in figure 2(c), indicating
the predominance of one type of domains in the crystal. The photomicrograph in
figure 2(a) already shows only 90 ° domains, while the photomicrograph in figure 6(a)
shows 90 ° as well as 60 ° domains. Thus, the information given by the photomicrographs can be suitably correlated with the hysteresis loops and the switching
transients.
A very interesting situation arose as the compressive stress was increased to
104 × 103Nm -2. The ordered domain structure of figure 6(a) disappeared, and
disorder set in [figure 7(a)]. It is because the domain structure shown in figure 5(a)
has evaporated to usher in a more favourable structure in figure 5(b). The structure
of figure 5(b) could not set in, however, leading to instability and lack of order. The
hysteresis loop and the switching transient are shown in figures 7(b) and ~/(c)
respectively. We find in figure 7(c) that two successive switching transients have been
obtained. After the first switching transient, the crystal switches again owing to
inherent instability of the conditions existing in the crystal. The hysteresis loop in
Pramana- J. Phys., Vol. 41, No. 3, September 1993
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Figure 6(a). The photomicrograph of the crystal surface when the compressive
stress 83"5 x 10 3 N m - 2 is applied to the crystal (487 × ).
Figure 6(b). The hysteresis loop when a compressive stress 83'5 x l 0 3 N m - 2 is
applied to the crystal. Scale: E axis (1 div = 650v/cm), P axis (1 div = 3.9 pc).
Figure 6(e). The switching transient when a compressive stress 83.5 x 10a Nm- 2
is applied to the crystal. Scale: E axis (1 div = 650 v/cm), I axis ( 1 div = 24 × 10- 3 A).

figure 7(b) shows this instability through the relative decrease in the number of large
domains that is itself indicated by the presence of only a few kinks on the loop. The
domains in question are 60 °, as the initial switching converts at this stage most of
the 90 ° domains into 60 ° domains. Further increase in the stress to the value
127 x 103 Nm -2 succeeds in creating ordered structure [figure 8(a)] with the mixture
of domain structures shown in figures 5(a) and 5(b). Correspondingly, we see now
more kinks in the hysteresis loop [figure 8(b)] corresponding to more domains
representing sudden changes of electric field and polarization. The change of the slope
in current transient [figure 8(c)] during current fall as at B in figure 6(c) is absent,
as 90 ° domains are mostly absent. Thus, we get a clear evidence of the fact that the
change of slope corresponds to switching of different type of domains. Further increase
in the stress again creates a disorder as explained above [figure 9(a)], and
corresponding absence of kinks on hysteresis loop [figure 9(b)]. The absence of 90 °
domains is seen again in the switching transient [figure 9(c)] in the form of the
absence of change of slope at B.
226
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Figure 7(a). The photomicrograph of the crystal surface shown in figure 1 when
a compressive stress 104 x l 0 3 Nm -2 is applied to the crystal (487 x).
Figure 7(b). The hysteresis loop when a compressive stress 104 x l03 Nm-2 is
applied to the crystal. Scale: E axis (1 div = 650v/cm), P axis (1 div = 3.9/~c).
Figure 7(c). The switching transient when a compressive stress 104 x l03 Nm-2
is applied to the crystal. Scale: E axis (1 div = 650 v/cm), I axis (1 div = 24 x 10- 3 A).

Thus, we get here a systematic picture of the mechanical switching process, and
also of how the various stages of initial switching are reflected in the hysteresis loops
and switching transients. If we compare different hysteresis loops reproduced in above
figures, we find that the coercive field is less when ordered domain structure exist,
and vice versa. This is again easy to understand as it must be a lot easier to evaporate
cooperatively a few ordered domains. Thus, the domain interpretation of the hysteresis
loops and switching transients is seen to give a consistent picture under variety of
situations.
It has been found by Ingle and Dupare [8] that the cooperative order of impurity
dipoles exists for a limited range of dipole density. Hence, if the average dipole density
in the crystal is high, the regions having cooperative ordering shall be relatively few.
Consequently, the switching characteristics of such crystals shall be less dominated
by the above discussed effects. To confirm this, the experiments were performed on
crystals showing blue colouration that were known to have high content of oxygen
vacancies [ 16].
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Figure 8(a). The photomicrograph of the crystal surface shown in figure 1 when
a compressive stress 127 x 103Nm -2 is applied to the crystal (487 x ).
Figure g(h). The hysteresis loop when a compressive stress 127 x 103Nm -2 is
applied to the crystal. Scale: E axis (1 div = 650v/cm), P axis (1 div = 3.9/~c).
Figure 8(c). The switching transient when a compressive stress 127 x l 0 3 Nm-2
is applied to the crystal. Scale: E axis (I div = 650 v/cm), I axis (1 div = 24 x 10- 3 A).

Figures 10(a) and 10(b) show respectively a typical hysteresis loop and switching
transient in such type of crystals. The crystal has been subjected to a compressive
stress 12.44 x 103 Nm -2. The following are the main points of difference between this
current transient and the current transients shown earlier. (1) The trace is broad,
showing loose bonding between domains. (2) The fall is steep without any change
of slope, indicating absence of large domains associated with cooperatively ordered
dipoles. (3) The fall in current does not reach the levels obtained earlier. This means
that now (dP/dt) is halted earlier and some polarization remains unreversed. Clearly,
this unreversed polarization is not associated with cooperatively ordered dipoles. (4)
The pulsation of the current after removal of voltage pulse is reduced. This is obviously
due to the difficulty faced in nucleation and evaporation, as there are no cooperatively
ordered impurity dipoles to assist these processes.
The effect of applying increased compressive stress before obtaining hysteresis loops
and switching transients was also studied. The results agreed completely with the
228
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Figure 9(a). The photomicrograph of the crystal surface shown in figure 1 when
a compressive stress 171 x 10 3 Nm -2 is applied to the crystal (487 x).
Figure 9(b). The hysteresis loop when a compressive stress 171 × 103Nm -2 is
applied to the crystal. Scale: E axis (1 div = 650v/cm), P axis (1 div = 3'9/~c).
Figure 9(c). The switching transient when a compressive stress 171 x 10 3 N m - 2
is applied to the crystal. Scale: E axis (1 div = 650 v/cm), I axis (1 div = 24 x 10- 3 A).

Figure 10(a),
density. Scale:
Figure 10(b).
density. Scale:

The hysteresis loop in a crystal containing high order of dipole
E axis (1 div = 650 v/cm), P axis (l div -- 3.9/~c).
The switching transient in a crystal containing high order of dipole
E axis (1 div = 650 v/cm), I axis (l div = 26.4 × l0 -3 A).
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Figure 11. The hysteresis loop and the switching transient in the crystal used
for figure 10 when a compressive stress (a) 23-1 x 103Nm -2 (b) 67'5 x 103Nm -2
(c) 150 x 103Nm -2 and (d) 200 × 103Nm -2 is applied to the crystal. Scale: E axis
(1 div = 650 v/cm) P axis (1 div = 3.9/~c) and I axis (1 div--26.4 x 10-3 A).
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ideas developed above. Particularly, two observations were significant: (1) The switching
time z~ = 0-45 ms remained more or less unaltered, showing less initial mechanical
switching due to relative absence of domains with cooperative ordering of dipoles.
(2) As the compressive stress is increased, the current pulse ended up earlier, and
pulsations after removal of voltage pulse were also reduced. This is on account of
the fact that the initial mechanical switching covers domains associated with impurity
dipoles, and the increased compressive stress behaviour approaches the behaviour
of a normal ferroelectric crystal.
Also, the current pulse height now increases as the compressive stress is increased,
which is in contrast with the earlier observations with pale yellow crystals containing
a large number of cooperatively ordered impurity dipoles. This again indicates less
initial mechanical switching that is associated with domains with ordered impurity
dipoles. The increase in height is due to generation of bias voltage that helps the
voltage pulse. In the earlier transients, the initial switching effect more than
compensated the bias voltage effect producing reduction in the current pulse height.
The various hysteresis loops and the switching transients at gradually increasing
stress level are shown in figures 11 (a), 11 (b), 11 (c) and 11 (d). These observations have
been obtained at stress levels 23.11 x 10aNm -2, 67.56 x 103Nm -2, 150 x 103Nm -2
and 200 x 10 3 N m - 2 respectively. The relative absence of kinks can be noted in all
the hysteresis loops. The reduction in switched polarization S(dP/dt).dt can also be
noted. It is interesting to find that in all the transients the current falls steeply without
any change of slope indicating absence of domains with cooperatively ordered dipoles.
It follows that if one is interested to avoid the anomalous effects of cooperative
ordering, one must have crystals where the kinks in the hysteresis loop are absent,
and the switching transients do not show slopes and oscillations after removal of the
voltage pulse. Thus, one obtained here a ready, nondestructive testing method to
decide the suitability of crystals for applications. Since the crystals have high tendency
to develop cooperative ordering through diffusion of impurity dipoles in the structure
[11 the anomalous effects tend to be present even if the average density of dipoles
in the crystal as a whole is low.
4. Conclusion

It is established that switching is dominated by the behaviour of impurity dipoles,
and predominantly by the consideraton as to whether the dipoles are cooperatively
ordered or not. When they are cooperatively ordered, nucleation and evaporation
rates are much faster. The domains have their influence in the sense that 60 ° domains
switch faster than the 90 ° domains. All these effects are reflected in the switching
transients and the hysteresis loops, which hence serve as good indicators of the presence
of cooperatively ordered impurity dipoles in the crystal. Since the cooperatively ordered
dipoles lead to anomalous and unexpected behaviour during crystal application, their
elimination is extremely necessary. It is possible to do so, since the cooperative
ordering exists only within a limited range of dipole density. The mechanical switching
is also seen to follow the same pattern as the electrical switching as regards the
influence of impurity dipoles. Hence, for piezoelectric applications also, the elimination
of cooperatively ordered dipoles is essential.
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