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The domain nucleation and growth during switching process in telluric
acid ammonium phosphate crystals has been investigated by nematic liquid
crystal decoration technique. The domain configuration arising during polar-
ization reversal has been discussed, considering that the type of nucleation
is the controlling factor in the propagation of the domain walls.

PACS numbers: 77.80.Dj

1. Introduction

Telluric acid ammonium phosphate (TAAP) having the chemical formula
Te(OH)g - 2NH4H,PO, - (NH4)2HPO4 undergoes the phase transition at 321 K
‘changing its symmetry from the centrosymmetric class 2/m to the polar class m [1].

Currently most of what is known about the TAAP crystals relates to di-
electric properties, little is known about their domain kinetics. The static domain
structure has been observed by the etching technique [2]. This method simultane-
ously reveals the dislocations and other lattice imperfections. The first switching
current measurement of ferroelectric polarization reversal in TAAP has been re-
ported in Ref. [3].

Here we communicate the peculiarities of the domain structure dynamics in
the TAAP crystals at room temperature.

2. Experimental

The domain structure has been observed using the nematic liquid crystal
(NLC) method described in Refs. [4, 5]. To observe the domains we used the
nematic phase of p-methoxybenzylidene-p-n-butylaniline (MBBA) and p-ethoxy-
benzylidene-p-n-butylaniline (EBBA) mixtures. After supplying a sample (coated
with NLC-layers on its surfaces) with transparent electrodes the electric field was
applied and the observation of domain pattern was carried out using a polarization
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microscope. The domain pattern was registered with a digital video camera and a
computer processed the image. The observation of the domains was carried out on
(101) natural face of the crystal, which is approximately normal to the polarization
direction [1].

3. Results

The static domain structure can be delineated with a high resolution by rub-
bing the crystal surface on warm, wet filter paper. Figure 1 shows the etched pat-
terns of the domain structure observed on the (101) crystal face. Our observations

show that the TAAP crystals grown from an aqueous solution at room temperature -

are highly inhomogeneous. An as-grown crystal sample is often a single domain in
which small domains of opposite polarity are randomly distributed. In some part
of the crystal the plate-like domains elongated in the b-direction are seen (Fig. 1a).
After thermal annealing at a temperature of 20 K above the Curie point for a few
hours and then slowly cooling to room temperature, the domain structure appears

(Fig. 1. Domain patterns in TAAP at room temperature revealed by etching with water;
(a) as-grown sample; (b,c) annealed above Tt.
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Fig. 2. Domain pattern evolution under two different electric fields applied at a time
t = 0 to the previously monodomenized crystal sample with the initial plate-like domain
structure (as shown in Fig. 1b). The time from the moment of applying E: (2) 80 kV/m,
1—2s,2—953—25s,4—60s; (b) 105kV/m, 1 —2s,2—5s53—7Ts,4—11s.




- Domain Pattern Evolution in Polarization Reversal ... 105

in various forms in different growth pyramids (see Fig. 1b, ¢). Our investigation
shows that an initial domain structure in the crystal sample determines the shape
of growing domains only in a weak external field. Figure 2 shows the time evo-
lution of the domain structure under two different electric field strengths applied
to the crystal sample (0.5 mm thick) with the initial plate-like domain structure
(as shown in Fig. 1b). One can see that the electric field of the order of threshold
nucleation field creates the plate-like domains elongated in the b-direction (see
Fig. 2a). In this range of £ the sideways wall motion is quite non-uniform because
" the walls are impeded by defects, which can cause a definite stabilization of domain
walls at given sites of the sample. When the electric field increases, new circular
domains are nucleated, but anisotropy of the domain wall motion results in the el-
liptical domains (Fig. 2b). Nearly the same domain pattern evolution (as shown in
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Fig. 3. Domain pattern evolution under four different electric field strengths applied at
t = 0 to the previously monodomenized crystal sample with the initial domain structure
as shown in Fig. lc. The time from the moment of applying F: (a) 125 kV/m, 1 — 0.4 s,
2—06s,3—1s4—18s; (b) 135kV/m, 1 —0.125s, 2 — 0365, 3 — 0.50 s,
4—0.70s; (c) 145 kV/m, 1 — 0.085,2 — 0.12's, 3 — 0.20 s, 4 — 0.26 s; (d) 160 kV/m,
1—0.02s,2—0.04s,3—0.06s,4—0.10s.
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Fig. 2b) has been observed in a part of the crystal with the initial domain structure
presented in Fig. lc, when the electric field of the order of threshold nucleation
field has been applied to the crystal. Even then, the circular domains are nucleated
but because of anisotropy of the domain wall motion, individual domains become
elongated in the b-direction. In a higher electric field the nucleation and growth
of circular domains have been observed on the whole crystal surface disregarding
the initial domain structure. Figure 3a shows the domain pattern evolution of cir-
cular domains observed in a part of the crystal with the initial domain structure

presented in Fig. lc. In the range of weak electric fields, in which circular domains

are nucleated and grow, the nuclei come out at almost the same position of the
crystal during the repeating switching and only at the beginning of the switching.

One would expect that a further increase in the electric field must lead only to
the increase in concentration of new domain nuclei. However, this is only observed
in a freshly annealed crystal after quenching the crystal from the paraelectric
phase. During the ageing process the number of nucleated domains decreases with
the passing of time. Moreover, in the aged crystal (several hours after annealing)
the edge of existing domains is more favourable for the nucleation and growth of
new domains than elsewhere. We found the boundaries to be often of a zigzag type,
as a result of the preferential formation of new nuclei, which appear adjacent to the
moving walls (see Fig. 3b). For a sufficiently strong field, the individual domains
transform into a band, as a result of the preferential formation of new nuclei along
the b-direction (Fig. 3¢c). In stronger fields, the intensive domain nucleation occurs
on the whole crystal plate. As can be seen in Fig. 3d the domain nuclei, which
are distributed in a random manner on the crystal surface in weak dec-fields, are
aligned into rows (mostly parallel to the b-direction) in strong fields. The number
of domain nuclei in rows in the b-direction is so large that they coalesce in this
direction in an early stage of the switching process and thus stripes are formed and
expand. While increasing the electric field, the density of domain nuclei in each row
and the number of rows increase so that they become optically not distinguished.

In order to explain such peculiarities of the domain structure dynamics, we
have measured the velocity of the sideways domain wall motion as a function of
electric field strength. To have independently growing domains (domains spatially
well separated from other nuclei) the experiments were carried out two days after
the annealing of the sample. At that time the domain structure changed repro-
ducibly by repeated experiments.

It should be noted that the influence of the ageing process on the do-
main structure dynamics has been examined in doped triglycine sulphate [6] and
(CH3NH3)s5BisBryy [7] crystals.

As the velocity of the wall is anisotropic and inhomogeneous, the average
velocity was measured at the same wall shift from the initial position in the
b-direction. To obtain the relevant time interval required for the wall to move
through a known distance, a stop-watch was used in the range of weak fields and
a digital video camera in higher fields, respectively.

The data obtained for the crystal with the initial plate-like domain structure
are illustrated in Fig. 4. For weak electric fields (plate-like domains) the field de-
pendence of the average wall velocity V is approximately linear. In higher electric
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Fig. 4. An average sideways wall velocity of 180° domain walls in TAAP as a function
of electric field strength (as shown in open squares). Logarithmic plot of V vs. 1/F is
shown by e.

fields (circular domains) the domain wall velocity is approximated by the exponen-
tial field dependence described by the following relation V = V; exp(—6/E) with
the activation field of domain wall motion § = 1736 kV/m. The In V versus 1/E
plots show two linear parts which correspond to different activation fields related
to various shapes of domain walls (circular — in the region I and zigzag-type — in
the region II). In the region II the wall displacement rate is found to increase sub-
stantially, as a result of the formation of new nuclei adjacent to the moving domain
wall. However, the data are not reproducible because the process of nucleation is
not the same in every cycle.

Measurements made on a different crystal, or on the same being at different
stages of the ageing process, can produce the values of § different from that given
above as much as 50%.

4. Discussion of results

The domain configuration arising during polarization reversal can be ex-
plained assuming that the mechanism of domain growth is similar to the mecha-
nism of crystal growth. The theory of crystal growth [8, 9] assumes that at weak
oversaturation the growth of the crystal is due to the one-dimensional nucleation
steps at the phase boundary. The motion of these steps along the boundary re-
sults in layer after layer growth of the crystal. In this case the linear dependence of
growth velocity is observed and crystals with regular faces are obtained. At large
oversaturation the crystal is growing through the two-dimensional nucleation at

- the phase boundary. Due to the disorder nature of this process the velocity of
growth is proportional to the rate of nucleation, thus the exponential dependence
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of the growth velocity is observed and no preference in crystal orientation is to be
seen.

By analogy with the theory of crystal growth it is assumed that the switching
process is determined by the oversaturation degree, which corresponds in ferro-
electrics to the magnitude of the electric field acting on the domain boundary. This
model satisfactorily explains the domain pattern evolution in lead germanate [10]
and alkylammonium halogenobismuthate [11] crystals.

It is supposed that the mechanism of the domain growth in weak fields is
suitable for the one-dimensional nucleation steps at a domain wall. The main prob-
lem in the one-dimensional mechanism is the problem of step origin. Nakamura [12]
pointed out that the mechanism of the domain nucleation in weak fields is closely
related to the crystal imperfections of dislocation lines. A small cylindrical do-
main is anchored to each dislocation line, and could act as a nucleus of a reversed
domain. Our observation confirmed that the domain switching starts at certain
definite sites of the crystal, when a weak electric field is applied. This means that
the latent nuclei are brought about from some defects existing in the crystal sam-
ple. The anisotropy of the surface energy must lead to the preferable motion of
steps along one direction thus, layer after layer growth of domains of preferable
orientation, parallel to the b-axis, like in the as-grown TAAP crystal takes place.
With increasing the electric field the probability of nucleation of two-dimensional
nuclei is higher and the individual domains expand two-dimensionally after the
formation of cylindrical nuclei. Their orientation is determined by the anisotropy
of the surface energy.

It has been shown that the electric field dependence of the probability for
the nucleation of reversed domains can be of the form exp(—const/E), if F is
not too great (typically lower than twice coercive field measured from the D — E
hysteresis loop) [13, 14]. This field dependence is of the same form as that found
for the sideways wall motion, where V = Vpexp(—§/F) and therefore suggests
that the nucleation rate rather than the growth rate is the controlling factor in
the propagation of a domain wall. Thus the shape of domain depends only on
the anisotropy of the activation field § for the domain wall motion and that § is
proportional to the domain wall energy according to Miller-Weinreich model [15].
The observation of the zigzag shape of domain walls, arising from the preferential
nucleation at the existing domain walls, is the evidence that the domain walls
move by a multiple nucleation process of the form postulated in the model.

5. Conclusions

We have observed the real-time dynamics of the domain structure in TAAP
during the switching process. In the low field regime (£ < 140 kV/m) the switching
time is dominated by the sideways growth of initially nucleated domains; plate-like
in weak fields and elliptical in higher fields. It was found that the field dependence
of sideways wall velocity of plate-like domains is linear whereas of elliptical domains
is exponential. In the high field regime (£ > 160 kV/m) the density of nucleated
domains is so high that it nearly prevents the sideways movement of domain walls.
In consequence, most of the polarization will be reversed during the forward growth
and little during the subsequent sideways growth.
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