Fast stage of the evolution of the nonequilibrium soliton
structure of a dielectric
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The evolution of a soliton structure after it has been abruptly driven into a state
far from equilibrium is initially an accelerated process. The acceleration is
greater, the greater the initial departure from equilibrium. Closer to equilibrium,
deceleration causes the fast process to give way to a slow, thermal-

activation process, as is characteristic of inhomogeneous systems. Distinctive
features of the fast stage of the evolution and of its effect on the

subsequent stages are identified. Experiments have been carried out by a
dielectric method in the particular case of an Rb,ZnCl, crystal, which is a
ferroelectric with an incommensurate phase.

Narrow boundaries (solitons) separating domain-like regions with different values of
certain thermodynamic properties (a soliton lattice) may form in the incommensurate
phase of an insulator near a structural transition to a commensurate phase. As the tem-
perature of this transition, 7', is approached, the period of the soliton lattice, /, continu-
ously grows.! The relaxation of I to its equilibrium value / in a real crystal is a slow
process (~ 100 h). For this reason, over ordinary measurement times, ~1 h, the super-
structure of the incommensurate phase is never at equilibrium and instead passes through
several metastable states.'

In most of the corresponding experiments, measurements of the evolution of the
incommensurate phase have begun at the time at which the crystal reaches a stable
temperature, i.e., after £=1 h. Accordingly, only the slow part of the process has been
studied.! In Ref. 2 we proposed a method for abruptly driving a soliton structure away
from equilibrium, so that the fastest part of the evolution could be monitored. It was
shown that up to times ~ 10 min, at modest initial deviations from equilibrium, the
relaxation is a thermal-activation process. In the present letter we are reporting the ob-
servation of a different evolution mechanism: When there is a large initial excursion from
equilibrium, the soliton structure begins to change in an accelerated manner. This change
strongly influences the nature of the relaxation at all subsequent times (over longer
times).

As a test sample we selected an Rb,ZnCl, crystal with structural phase transitions at
T,=303 K and T,=195.2 K (Ref. 1). The high-temperature phase has a symmetry space
group Pmcn, while the low-temperature phase has a space group Pn2a, with sponta-
neous polarization along the b (Y) axis. The intermediate phase is incommensurate with
spatial modulation along the ¢ (Z) axis. Test samples were cut from the crystal in the
form of rectangular bars with dimensions of 3 X2.5X3.5 mm, with edges oriented along
the crystallographic a, b, and ¢ axes.
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The nonequilibrium initial states of the soliton structure of the crystal were created
abruptly, as in Ref. 2, by means of a uniaxial stress o, or o, . A compressional stress
. shifts T toward a lower temperature, while o, shifts it to a higher temperature. The
medmng here is that a compression Oy increases (and o, decreases) the temperature
interval AT=T—T,. and the equilibrium value of the soliton densny, i=1/l. Extensions
a,, and o, change AT and the density n in the opposite direction.” To prevent the stress
from affecting the soliton mobility and thus the evolution of the solitons, we carried out
measurements of the time-varying processes only in mechanically free samples. The
stress was used solely as a means to rapidly drive the structure into various nonequilib-
rium states. The measurement procedure accordingly included the following operations.
The sample is first cooled under a stress o, >0 or heated under a stress o, >0 to a
given temperature. The stress is then removed. As a result, the initial state of the sample
immediately after the load is removed—removing the load is equivalent to stretching the
sample—has an elevated soliton density # in the former case, and a lowered density in
the latter, in comparison with the equilibrium value 7 and also in comparison with the
value of n before the load is removed. The extent of the initial deviation of the soliton
system from equilibrium (An = |n—n]) is regulated by means of the stress: The duration
is greater, the greater the stress o, or ¢, which compressed the sample before the
measurements began. N

We monitored the evolution of the soliton structure by monitoring the changes in the
anomalous electric susceptibility € along the Y axis; this constant is a monotonic function
of n (Ref. 1). The faces of the samples perpendicular to the Y axis were coated with a
silver paste for the e measurements. The changes in e were measured with a capacitance
bridge at 1 kHz and a chart recorder. The error of the € measurements was no worse than
0.1%; the temperature was regulated within 0.01 K. The sample was left at room tem-
perature for a day (with o,,=0,,=0) before cach measurement. The results of the €
measurements exhibited a satisfactory reproducibility. The width of the temperature hys-
teresis in the values of € of the test samples in the incommensurate phase—this width is
a measure of the number of defects in the crystal'—is 0.3 K

Figure 1 shows the results of measurements of the evolution of € of an Rb,ZnCl,
crystal from various initial equilibrium states. We know' that the susceptibility € in-
creases with decreasing soliton density n. Accordingly, € increases with the time for
initial states with an elevated value of n (Fig. 1a), while it decreases for states with a
depressed value of n (Fig. 1b). We see that the fastest changes in € occur in a time
t=0.2 s. Over this 7 interval, the rate of change of € progressively increases and then goes
through a maximum; i.e., the change in € initially occurs in an accelerated manner and
then slows down.

An important point is that the e(r) curves for the initial states with elevated and
depressed » are qualitatively different. In the former case, the e(¢) curves intersect (Fig.
1a); i.e., the soliton structure passes through identical states more rapidly, the further the
initial state from equilibrium. For the latter states, these curves do not intersect (Fig. 1b).

When the stress ¢ is removed at the time =0, the crystal temperature should, in
general, vary adiabatically by an amount 6T= «T/cX Ao because of the piezocaloric
effect. Here « is the thermal expansion coefficient, ¢ is the specific heat (per 1 cm?), and
Ao is the change in stress. Estimates for Rb,ZnCl, based on data on « and ¢ in Ref. 1
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FIG. 1. Time evolution of the anomalous electric susceptibility € of an Rb,ZnCl, crystal for various initial
nonequilibrium states with either elevated (a) or depressed (b) soliton densities. T,=195.4, T=195.8 K,
AT=T—-T.=04 K. The equilibrium value of the susceptibility is either é=143.3 (a) or 152.3 (b). The com-
pressional stress o, (a) or g, (b), which induces the initial nonequilibrium state, is 10, 15, or 20 bar (curves
1-3, respectively). The inset shows the driving force of the relaxation, F;, found from Eq. (1) as a function of
the period of the soliton structure, I/ ] , where / is the equilibrium value.

yield 6T=0.01-0.02 K. The change in € corresponding to 6T found experimentally is so
small (0.2—-0.4) that it does not affect the €(¢) curves in Fig. 1. Accordingly, the evolution
of € should be assumed to be an essentially isothermal process over the entire time
interval.

It was found experimentally in Ref. 2 that, upon a small initial deviation of the
soliton system in Rb,ZnCl, from equilibrium, the susceptibility € varies logarithmically
in time between z5=1 s and ¢=10 min:

&/Ae=F+Glog(t/ty), (1)

where Ae=|€é~ €|, € is the equilibrium value, t,=1 s, and F and G are constants.

Law (1) agrees with the idea, developed in Ref. 3, that the relaxation of the inho-
mogeneous system is a thermal-activation process governed by metastability effects. This
law can be easily derived> under the following assumptions. First, the specific free
energy g of the soliton system near 7., where the soliton density n=1// is small, is

g=—aAT(1/)+B(1/1)%. ()

Here AT=T—T,>0, a>0, and B>0. The first term is the soliton—soliton attraction
energy, and the second is the corresponding repulsion energy. Second, the initial devia-
tion of the system from equilibrium is small, so the driving force F,=—dg/dl of the
beginning relaxation does not exceed a certain threshold value (the dry-friction force or
so-called pinning force). Here we have Ae/e~Al/I<1 (Al=|I-1]).
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FIG. 2. Plot of e/Ae versus
log(1/ty) according to the data in
Fig. la. r,=0.1 s. 1, 2, 3—The
same meaning as in Fig. la. The
inset shows the same plot over the
time interval (0.3—60 s.
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The evolution of a system of solitons which develops with acceleration obviously
cannot be described by a simple kinetic equation of the form dl/dt=—kdg/dl. 1t is also
easy to see that the changes in € in the course of such an evolution do not obey logarith-
mic law (1). This point is seen most vividly for initial nonequilibrium states with an
elevated soliton density (l/7< 1; Fig. 1a). Ir_1 this case the solitons “repel each other,”” and
the driving force F,=—dg/dl~(1/1)*—(I/1)?, found from Eq. (2), can reach particu-
larly large values (see the inset in Fig. la). Figure 2 shows plots of €/Ae versus
log(t/t;) found from the data on e(¢) in Fig. la at t;=0.1 s. We see that these plots
become linear, i.e., that Eq. (1) holds, only at a time r=0.3 s; the experimental points
corresponding to the fastest initial stage of the process deviate substantially from straight
lines. The slope of these lines gives us the coefficient G=0.1 in (1); the result agrees,
within the experimental errors, with the value of this coefficient at a close temperature for
a small deviation of the system from equilibrium.? The curves of é/Ae versus log(¢/ty)
for the initial nonequilibrium states with a depressed soliton density (///>1), found from
the data in Fig. 1b, have a shape like that in Fig. 2, but, in contrast with the former case,
the indications of a rapid first stage of the evolution of the structure are not as apparent.
The curves here, like the €(¢) curves in Fig. 1b, do not intersect; they approach straight
lines in a shorter time (~0.1 s; these straight lines are not shown in the figures).

The evolution of a soliton system, which has been abruptly driven into a state far
from equilibrium, can thus be pictured as follows. The system moves toward equilibrium
in an accelerated manner as long as the driving force F,;, which decreases as equilibrium
is approached, exceeds the dry-friction (pinning) force F;, . The rate reaches a maximum
in the case Fy=F,. At Fy<F,, the motion of the system slows down, and the
subsequent evolution is a thermal-activation process described by Eq. (1). The greater the
initial deviation from equilibrium, the faster the system goes through specific states, and
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the closer the system lies to the equilibrium after the accelerated motion comes to an end,
and the slow thermal-activation process begins. In this regard, the behavior of the soliton
system is reminiscent of the polarization reversal of the domain structure in a
ferroelectric.* It is possible that the specific mechanisms for these two processes are also
similar: a slow nucleation of regions with new parameters,"* which can be observed upon
small deviations from equilibrium, and a rapid movement of a region of an inhomoge-
neity (a domain wall® or a soliton) in the case of large deviations.

The fast initial stage of the change in the nonequilibrium system of solitons thus has
a strong influence on the relaxation at subsequent times. This fast stage must be taken
into account in research on such processes in all inhomogeneous systems analogous to
incommensurate phases. We might add that an analysis of experimental data in the time
interval in which the soliton system is changing in an accelerated manner may provide
information on the relation between the constants characterizing the interaction of the
solitons and on the dry-friction (pinning) coefficient, which depends primarily on the
defect concentration in the crystal.
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