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Conspicuous domination of polarization relaxation in kinetics
of first-order phase transitions in perovskites
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We justify the application of the theory of the kink-type motion for interphase boundaries for perovskites at
first-order phase transitions and obtain a criterion for separating two mechanisms for the front motion—the
latent heat transfer and the relaxation of the order parameter. Calculations of the velocity of the interphase
boundary motion caused by latent heat transfer at ferroelectric phase transitions show the domination of
relaxation kinetics during the ferroelectric-paraelectric phase transitions in perovskitestd@hetype. This
allows us to conclude that the dynamics of interphase boundaries in perovskites are governed by the polariza-
tion evolution.[S0163-18206)04130-9

The transition from a metastable phase to a thermodyef energy releasetbr additionally absorbedduring the time
namically stable phase takes place via fluctuations leading tof transition has been discussed in Ref. 2.
the formation of nuclei of the new phagkarge-scale het- In this paper we obtain a criterion that justifies the condi-
erophase fluctuationd The description of systems which tions when the heat transfer effect on the interphase bound-
undergo a symmetry-breaking first-order phase transitio@ry propagation has to be considered. We show here that at
must account for the nucleation and growth processes. Thfé'st-order phase transitions in ferroelectric semiconductors
growth is associated with the propagation of interphaséNith pe.rovskite structure th(_a thermal conductivit_y is not a
boundaries separating the high-temperature parent pha§@ntrolling process and the interface movement is governed
from the low-temperature product phase. In solid diffusion-PY the kinetics of the phase transition.

less transformations the growth may be slow enough for ob- The selectic_)rj of the dc_)minating process in the dyna_lmics
servation by the polarization microscope technique. In parpf phase transition fronts IABO; peroysknes demandg, first
f all, the development of the formalism for accounting for

ticular, in ferroelectrics sharp interphase boundaries can b h for infl The heaflowi h
observed. Crystals with sharp interfaces most often havef[ c iat tra;t)ns e(; Influence. The heptflowing across the
kinetically controlled rather than diffusion-limited growth. Interphase boundary is

Usually the interphase dynamics are governed entirely by the

time evolution of the order parametésee, e.g., Ref. 3 and q=k-VT-S-At,

references thereinand the temperature can be considered a

constant. Thus, the heat is assumed to be removed suffyherek is the thermal conductivity coefficien§T is the
ciently rapidly and no temperature change occurs as the laemperature gradien§ is the square of the area of the inter-
tent heat of the phase transition appears at the interphasace, andAt=AR/v, whereAR is the change of size of the
boundary. However, as the interface moves it acts as a heatw phase during the interface motion with a veloaity.
source with a strength proportional to the latent heat of fu-This heat per unit mass is the Ilatent heat:

sion and the forward rate of motion, giving rise to a leap inL=(kVTAV)/(Amuvt), where Am/AV is the densityp.

the thermal gradient. The heat generated during the interFhus, the propagation rate of the phase transition front due to
phase boundary motion can accelerate the interface which, iatent heat transport is given by
turn, increases the heat production rate. A system involved in

this avalanchelike process can be stabilized by heat removal KVT
via heat conductivity and heat exchange with the thermal vr=—o.
bath. This problem is less significant in metallic systems. If pL
one deals with substances which conduct heat very well, the

temperature may be treated as a constant, so no kinetic equaquation(1) represents the thermal balance between the heat
tion additional to one for the order parameter is necessarygenerated by the system during the phase transition and that
But for materials which do not conduct heat so well, we mayconducted away. The velocity; is determined by the rate at
need a second equation to determine the temperature disteithich heat is released at the advancing fronts, for example,
bution. The necessity to account for processes of dissipatioparaelectric-ferroelectric fronts in the case of ferroelectrics.
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The velocity of the interphase boundary movement
caused by the relaxation kinetic procassnay be derived RCZT
from the time-dependent Ginzburg-Landau equation
(TGLE).* For a moving phase transition front the TGLE Combining the interface velocity expressitsee Ref. Band
holds at the interphase boundary provided the interphasgq. (4) we obtain
boundary widthA is considerably greater than the inter-
atomic distances. The TGLE cannot be solved exactly in the ,- 4D
three-dimensional case. Nevertheless, under the condition R.
that the size of clusters of the new phase inside the old one
R is much larger than the width of the interphase boundar
A, R>A, the exact solution can be obtainéd:hus, the
theory works providedR>A>d, whered is the lattice pa-
rameter.
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herel" is the Landau-Khalatnikov kinetic coefficient from
he TGLE, which is independent of temperature, and
Ap=20/R; is the difference between pressures in two
phases according to the Laplace formtihus, the interface
The relation between a critical siZ@. of the product dynamic_s are conirolled by competit_ion of the polar?zation
transformed region and the growth ratemay be found, contribution to. the free energy density and t.he relation be-
assuming that the spatial dependence of the polarizatiotr\Neen the strain energy density and the density of the energy
P(r) is approximately given by stored at the front.
The propagation of the interphase boundary is determined
P=P: at|r|<R, by the kinetics of the order parameterpif>v. Comparing
the expression for the velocity of the interphase boundary

1 r—R mentioned above and Eq(5) and supposing that
P=Pg \/E[l—tanl—(jﬂ at RSrsR+A, VT~AT/R, (AT is supercooling or superheatingve ob-
tain the criterion of domination of the kinetics of polarization
P=0 at|r|=R+A, (2) over the thermal conduction-driven mechanism:
KAT 1
, 4AC )>1. (6)
PF:E 1+ 1—? . 4pLTD \ 1+ Q/Ap

Now we can check criteriok6) for ferroelectric perovskite
semiconductors witltABO3 stoichiometry. Many measure-
ments of the interphase boundary dynamics have been car-
ried out for these ferroelectriésWe take necessary material
ICEarameters from the data of Ref. 6-11. The elastic coeffi-

Here A, B, andC are coefficients of the Ginzburg-Landau
functional(see below, A=A'(T—T,), T, is the temperature
stability limit of the paraelectric phase, a’Ad is a constant.
Equation(2) gives a radially symmetric cluster of the nucle-

ating phase embedded in a spatially uniform, metastab ients forQ are taken from Ref. 12. The deformations ac-

background. The prqfile for the front gpplied her_e ig obtgin_e ompanying the phase transformation are taken from Ref.
from the exact solution of the TGLE in the equilbrium limit ;5. =~ “_°_ " "= 5599 59¢ .. = —0.003 66. For esti-
XX . zz . .

(see Ref. 3 Using (2) with boundary conditions
lim,_,.,P=0 and lim_,oP=Pg and integrating over volume
for R>A one obtains the free energy

mations of the strain energy the essential decrease of the
stiffness coefficients;; caused by softening the lattice near
the phase transition should be taken into accdtilthen the

47R3(Py) ~R2D PE required ratio is about 810*. ' should be estimated from

F= + ) (3)  the slower dynamics leading to central pedkehey result
3 A from the highly anharmonic terms in the free energy expres-
D is the inhomogeneity coefficient, and the free energy densions which are responsible for the formation of the product
sity functional is phase. The nuclei near first-order phase transitions have

long lifetimes. The appearance of a long-range order is
1 1 1 caused by thermal hopping in the metastable states. The
f(P)= EA(T)PZ— ZBP4+ gCP6- width of the central peak in this case is controlled by the

time required for the formation and collapse of the clusters.
This means that the surface tensiors DPZ/4A. In solids  Therefore one can suppose tifais determined by the width
the volume change associated with the phase transition lead$ the central peak caused by nuclei of the product phase.
to the addition of the strain energy densi®y to the free  Their dynamics are much slower than those analyzed in Ref.
energy densityf, so that we have the first term i{8) as 6. The central peak width is about three to four orders of
—(47R33)(f— Q). The strain energy reduces the effective magnitude smaller than the width of other modes. This leads
driving force of the phase transition. Clearly, nucleation will to the value ofl" about 16 Hz® For I' used in Ref. 6
not occur at all unles§>Q. The latter formula reflects the (I'=1.61x10" sec ') the criterion (6) is also fulfilled.
fact that at first-order phase transitions the volume and shapghus, after inserting the presented experimental values into
change associated with the transition cause a strain energ§) we conclude that the heat transfer process is more rapid
contribution to the free energy which can suppress the nuclghan the kinetics of the order parameter relaxation. For this
ation process.According to the classical theory of nucle- reason, the latter process determines the interface propaga-
ation, the new phase nucleus whose radius corresponds to ttien in the above ferroelectric semiconductors. Conse-
maximum of the free energy change is the critical nucleugjuently, the release of the latent heat of the phase transition
with radiusR;. Then after maximization of3) we derive does not play an important part in the dynamics of interphase
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boundaries in the perovskites under consideration. Howeveparameters of our approach were extracted from the experi-
if (kAT/4pLT'D)[1/(1+Q/Ap)]=1, the two processes mental measurements, which are produced on real crystals
must be taken into account. The theory of the kink-type mowith a polycrystalline structure and a rather high density of
tion for interphase boundaris therefore suitable for per- defects. Thus the parameters of our estimations already in-
ovskite ferroelectric semiconductors because it fulfills crite-clude the information on the different types of defects as well
rion (6). The latter is caused by the comparatively highas polycrystallinity. A high density of defects is an inherent
thermal conductivity and comparatively low latent heat.  property of perovskites and any kind of atomistic consider-
~ Additional evidence in favor of the conspicuous domina-atjon immediately leads to the necessity of consideration of
tion o_f_ pola_rlzatlon rel_axat_|on in k|net|(_:s of first-order phasemany types of defects: point, planar, linear, etc.
transitions in perovskites is the following. . The consideration is valid for finite and polycrystalline
b (%]) Thehk'n?t'cf obseryed In tr;e revfwre not descnl()jed solids provided the sample or grain size is much larger than
dgr:cg ,ca)\{r'[hzn;?osnta\\:\éﬁ)iilt% seen from the temperature €PeNRe interphase boundary width. This condition is fulfilled in

: . the experimental studies of the interphase boundary motion

leads to different velocities of the interphase boundary. Thgn the perovskites PbTi9 and BaTiQ,” and even in the

velocity in the heating process is larger than in the coolin panocrystalline RISIT)O; system’> The ferroelectric

oné a);, follows fror% pthe exact sglution of the time- hase transition disappears when the grain size decreases,
. approaching some critical valdg.Under these conditions

dependent Ginzburg-Landau equatfon.

. ..our approach is inapplicable. Thus, our approach is suitable
s charactenstc of the overdamped motion described by i JUe @ Wide range of sample and gran sizes.
relaxational kinetics of the order parameler The sugges'Fed analysis _Ieads to an answer to the question
(4) The values of velocity calculated usi(@ are in good of the dommatmg process in the phase growth (_)f ferroelec-
tric perovskites. The obtained result was not obvious and the

agreement with the measured oRes. . ) .
The most attractive feature of the suggested mean-field odern reviev left this question open.

consideration of the delicate balance between the relaxation We gratefully appreciate the financial support of the Nied-
kinetics and the heat transfer in the phase growth process efsahsischen Ministerium fuWissenschaft und Kultur, the
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