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In this article we apply the theory developed in the previous publication to the uniaxial displa-

cive ferroelectrics Pb~Ge30!! and SbSI. %e show that the parameters of our model can be

determined from available experimental data for these substances. The values obtained are
- physically reasonable. Kith no adjustable parameters we calculate for lead germanate the wave-

number and temperature dependence of the low-temperature central peak, the density of
domain ~alls, and the polarization switching. For SbSI we evaluate the temperature and pres-

sure dependence of the low-temperature central peak. The theoretical results agree quantitative-

ly with the experimental data. %e predict the, as yet unmeasured, temperature-dependent wall

diffusion coefficient in Pb~Ge3O!! and the mobility of its domain walls in a field.

I. INTRODUCTION

In this article we compare the experimentally esta-
blished dynamical properties of domain walls in
uniaxial displacive ferroelectrics with the theoretical
results of the previous article. ' We analyze in detail
the experimental results for two different prototypical
substances, lead germanate (PbqGe30tt) and an-
timony sulphoiodide (SbSI), and with the help of our
theory, relate their macroscopic properties (domain-
wall motion and polarization change) to the micro-
scopic properties (as obtained from light and neutron
scattering).

A ferrodistortive phase transition is accompanied
by one mode becoming soft. ' ' In the ferrodistortive
regime the lattice displacement pattern is character-
ized by the appearance of macroscopically observable
domains. ' The same microscopic forces which pro-
duce the soft-phonon mode lead to such macroscopic
features as thermal and dielectric anomalies, domain
formation, domain-wall mobility and diffusion.
These features are important factors in determining
the optical and ferroelectric behavior of these materi-
als. The macroscopic mobile domain structures are
of practical interest as the active components in opti-
cal switching and memory devices. It is the
number of domains and their mobility which deter-
mines such crucial properties as switching time, effec-
tive polarization, hysteresis, and power dissipa-
tion. " Here we show that the parameters of the
model in Ref. 1 can be determined from the esta-
blished properties of ferroelectrics, with particular
reference to the soft mode. These parameters are
then used to calculate the scattering intensity, the
transport coefficients of the domain walls, the wall-
number dens!ty and polarization switching times. We

compare these theoretical predictions. with the avail-
able data on PbqGe30! ~ and SbSI.

In Sec. II we review the geometry of domains in

uniaxial ferroelectrics. We discuss their nucleation
and growth, and the mechanism by which domain
walls propagate in applied fields. Section III summar-
izes the available experimental data for Pb56e30!!
and SbSI. The experiments considered are in the
main concerned with light, neutron, and x-ray
scattering and with polarization and hysteresis effects.
Section IV demonstrates how the model parameters
of our theory can be determined from the light, neu-
tron, and x-ray scattering data. We discuss the deter-
mined values of the seven model parameter~ for both
substances and show that the values are physically
reasonable. Using these fixed values, with no adju-
stable parameters, we calculate seven additional ob-
servable properties and compare the results with
available data.

Our theory predicts a very narrow central peak in

the light- and neutron-scattering spectrum below the
critical temperature T„due to the Brownian motion
of domain walls.

Since our theoretical results are only valid below
T„where fluctuations are small, we do not attempt
to describe the anomalous central peak observed near
T, . However, the results presented below clearly in-

dicate that the Brownian motion of walls does not
contribute significantly to the scattering near T„at
least in the linear analysis employed in Ref. 1. More-
over, we calculate the wave-number and temperature
dependence of the low-temperature peak in neutron
scattering for Pb56e30!! and compare with the exper-
imental findings. We also evaluate the pressure
dependence of the central peak in light scattering for
SbSI and compare it to the available data. All these
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theoretical results agree well with the measurements.
The number density of domain walls is determined-
from these data and is shown to be temperature in-

dependent. The wall number density obtained is in
fair agreement with direct measurements on other
samples. Furthermore, for Pb5Ge30~~ we calculate
the temperature dependence of the domain-wall dif-
fusion coefficient, and of the wall veIocity in an ap-
plied field, and find that they match the observed po-
larization switching times. These properties have not
been calculated for SbSI due to a lack of available
data.

a b

II. PROPERTIES OF DOMAINS AND DOMAIN WALLS

Domain geometry and domain-wall dynamics in
ferroelectric materials are topics receiving a great deal
of attention in the applied-physics literature.

There is an abundance of experimental data and we
focus on certain general characteristics of domains
and domain walls in uniaxial materials. In this sec-
tion we review the macroscopic properties of these
substances relevant to our phenomenological model.

Above the transition temperature T, a ferroelectric
substance is in a phase of no polarization. Below T„
the crystal undergoes a spontaneous symmetry break-
ing in which the equilibrium atomic positions shift to
produce a new structure with a dipole moment in
each unit cell. In uniaxial ferroelectrics the polariza-
tion P lies parallel to a unique crystallographic axis,
say z.2 The free energy of domains with polarization
+P is the same in the absence of an external field, E.
Generally, the crystal is divided into regions or
domains of opposite polarization with the "up"

domains separated from the "down" domains by
domain walls. The actual domain structure and
geometry in a particular crystal in equilibrium is
determined by the condition that the total free energy
of the sample be a minimum. However, the domain
structure in a given crystal depends crucially on the
preparation and history of that crystal; the sample has
a particular domain configuration corresponding to a
long-lived metastable state, and it is this nonequilibri-
um configuration which is probed in a given experi-
ment.

On the basis of macroscopic arguments' pertaining
to equilibrium, the polarization cannot vary along the
ferroelectric axis: domain walls must be parallel to
this axis, since the component of the electric dis-
placement field D normal to the wall must be con-
tinuous. For the same reason states with domain
walls perpendicular to z are short lived. Such states
can be created by frequent switching of high electric
fields, if. the samples are large in the z direction. ' In
thin crystals the domains are cylindrical parallel to
z, ' and their position is fully determined by a two-
dimensional projection (see Fig. 1).

FIG. 1. Schematic representation of domains in a uniaxial

ferroelectric crystal. A section of the crystal is shown in per-

spective and in projection showing the plane perpendicular to
i. The small volume labeled a represents a nucleus of one
phase in the other. The segment labeled b denotes this nu-

cleus after a period of rapid growth in the i direction.
Larger domains, evident after a period of lateral growth in

an applied field, are also shown. The axis x denotes an arbi-

trary direction in the plane perpendicular to i.

By applying sufficiently large electric fields in the z

direction (larger than the coercive field E,) one can
produce a monocfomain crystal. On removing the ap-
plied field the polarization of the sample decreases to
a value near P„' the spontaneous polarization. Ap-
plication of an opposite field causes the crystal to re-
verse its polarization.

Observations of this process reveal that polarization
reversal is a heterogeneous, nucleation and growth
phenomenon. " Initially a number of nuclei, deter-
mined by sample preparation, form [see the nucleus
of reversed polarization labeled (a) in Fig. 1]. These
nuclei grow rapidly in the z direction to form cylindri-
cal domains [see the domain labeled (b) in Fig. 1].
The domains are circular, so as to minimize the sur-
face tension. Subsequent growth occurs laterally, and
when the domains reach macroscopic size, the wall

motion corresponds to translation of planes normal to
z through the crystal.

Any experiment which probes the local structure of
domains in a plane perpendicular to z along a particu-
lar axis x sees many planes of domain walls oriented
at different angles (see Fig. 1). For a random distri-
bution of circular domains the average apparent
domain-wall width d, is related to d, the width nor-
mal to the surface by

d = —77d
1

0
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Also the average apparent wall velocity v, is

V~= 2&V (2.2)

where v is the radial velocity. If the real domain
structure is not exactly circular, then the factor multi-

plying d and v changes slightly.
Another manifestation of domains in polarization-

switching experiments is that of the Barkhausen
pulses. These are due to abrupt changes in polariza-
tion, mostly ascribed to the formation and annihila-
tion of whole domains. '

The lateral growth of domains most likely does not
occur as a completely coherent process, but rather by
polarization reversal in individual chains along the z

axis. Each chain switches as a result of large fluctua-
tions of opposite polarization expanding rapidly along
the z direction. ' This multistep mechanism 1owers
considerably the barrier against lateral domain-wall
motion.

Domain formation, nucleation and growth are ubi-
quitous phenomena in ferroelectrics. However, in
the absence of an electric field large energies are re-
quired to form domains (except near T,). Thus at
lower temperatures domain walls are neither created
nor destroyed thermally. Changes in temperature
belo~ T, do not affect the density of domain
walls"" (see also Sec. IV). One is thus forced to
treat the crystal as a metastable system rather than
one in true equilibrium.

III. PROPERTIES OF Pb56630)i AND SbSI

In this section we present the properties of two
representative ferroelectrics of particular receipt in-
terest, lead germanate (Pb56e30t') and antimony sul-
phoiodide (SbSI), and use them in the next section
to test our model. We choose these substances be-
cause they are both uniaxial and displacive, ' ' as re-
quired by our theory. However, these materials
differ in other important respects. SbSI is filamenta-
ry and has a pronounced first-order phase transi-
tion, whereas Pb56e3O~~ is more isotropic and its
discontinuity, at T„ in the spontaneous polarization
is smaller.

Lead gerrnanate, Pb56e30~~, is a uniaxial ferroelec-
tric which shows a first-order'phase transition at
T, 451 K and standard pressure. ' X-ray ' and
neutron'4 studies reveal a chain-like structure in the z
direction with single and double germanate tetrahedra
alternately disposed with axes of symmetry parallel to,
z, and lead atoms forming a layer structure of regular
spacing perpendicular to z. Large single crystals of
lead germanate may be grown so that good samples
of different orientation are readily available for stu-
dies of scattering or domain-wall mobility.

Above T, the crystal is paraelectric with C3q(P6)

~ T Tg, Tg + 7c (3.1)

and that the soft-mode frequency ruo(T) closely fol-
'lows the form

coo(T)/coo(0) =(Tw —T)/T~, TA & T, (3.2)

below T, . We can fit. Eq. (3.2) to the observed soft-
mode frequencies of both substances to within 6%.

hexagonal symmetry and lattice constants a =10.26
O 18A and c 10.69 A. ' Below T, the crystal is ferroelec-
tric with trigonal symmetry C3 (P3), and axis of po-
larization parallel to z; the crystal looses a mirror
symmetry normal to the z axis. ' The static dielectric
constant e33 is observed to have an anomaly at T, and
to obey a Curie-Weiss law in its temperature depen-
dence above and below T, ."Raman experiments"
show a mode that softens.

X-ray and neutron work has also provided informa-
tion on the movements of the equilibrium positions
of the atoms in the unit cell.""Transforming from
the paraelectric phase involves small torsions of the
germanate tetrahedra and shifts of the lead atoms.
The largest movement at 293 K of an oxygen atom is
0.36 A along the z axis and nearly as much in the
plane normal to z, while the largest lead and germani-
um displacements are about 0.15 A along the i axis.
All displacements are less than 5% of the lattice con-
stants. These experiments also confirm that the tran-
sition is dispiacive. '

Lead germanate can be used in ceramic form for
high-capacitance condensers or in crystalline form in
transducers, where use is made of its piezeoelectric
behavior. It is employed in optical memory devices
because it shows pronounced hysteresis and optical
activity', lead germanate has fast switching times t, in
the microsecond range and needs a relatively weak
coercive field E, (&14kV/cm at 50 Hz). '2

Antimony sulphoiodide SbSI, is a ferroelectric be-
longing to the V-VI-VII class of semiconductors in
which one element in each of the series V (Sb,Ri),
VI (S,Se), and VII (Cl,Rr, I) appears. It is quite diffi-
cult to grow single crystals of these materials; the
ternary system is unstable with respect to phase
separation. " In addition to being ferroelectric these
compounds are photoconductors and highly piezoelec-
tric. ' X-ray and neutron structure studies'
show that SbSI is filamentary in structure with the fi-
larnents parallel to z. The crystal symmetry is
orthorhomic D2q (Pnam) above T, (293 K) and
orthorhombic C2„(Pna2~) below T, . The atomic
shifts at 274 K are parallel to i with Sb moving 0.2 A,
S moving 0.02 A, and I remaining fixed. There is
no appreciable movement of the atoms normal to z,

Polarization studies reveal switching times in the mi-
crosecond range for coercive fields of 1 kV/cm. "

We note that both these substances obey the
Curie-Weiss law above T„
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TABLE I. A summary of the experimentally determined properties of Pb5Ge30~& and SbSI with reference to the source

used. The symbols @~I and c~ denote the acoustic velocity parallel and perpendicular to the i {ferroelectric) axis, respectively.

The neutron spectrometer frequency resolution in experiments on SbSI (Ref. 37) has not been given and is taken to be the same

as Ref. 16.

Observed property (at 1 atm) Pb)Ge30) ( Ref. Sbsl Ref.

No. Order of phase transition

Transition temperature, T, (K) 451 22

first

293 28-30

Paraelectric phase
Structure

0
Lattice constants (A) a

b

C,„(P6)
i0.26

(

10.26~ at 473 K
10.69~~

18

D2I, (Pnam)
18.50 I

10.14! at 300 K 37

Ml

Ferroelectric phase
Structure

0
Lattice constants {A) a

b

C3 (P3)
10-25
10.25 I' at 293 K
10.69 j

23

23

C2„(Pna 2&)

18.51, )

10.13 1 at 280 K
4. 1 1

19,37

37

M II

Formula units in unit cell

Soft-mode half-width y (cm ') 14 at 293 K 26 11 at 284 K 38

M III Acoustic velocities
I tz, c it (cm sec )

zz, cz (cmsec ~)

3, 15 x 105

2.60 x10'
36

3.0 x 105

2.4 x 105
37,39

M IV Neutron Spectrometer Resolution
(cm-') (0.88)

MV

M VI

Soft-mode frequency

,(T) =,(0)(1 —T/T„)' '
~0(0) (cm ') [extrapolation]

T~ {K) [extrapolation]

0
Maximum ionic displacement uo{T) (A)

51

500 + 20

0.36 at 293 K

26
26

57
435 + 15

02 at 278 K

32,33,3
32

30

M VII Spontaneous Polarization P, (T)
(pC crn 2) at 50 Hz
Mass per unit ce11 m„(proton
mass units)
Curie-eiss temperature Tz {K)
Coercive Field E~{T) (kVcm ') at
So Hz
Tricritical Pressure p, (T) (kbar)

4.6 at 300 K

4.29 x,103

447

14 at 293 K

22, 12,25

25

25, 12,22

20 at 273 K

1.12 x 10
283

0.1 at 273 K
1.4 at 235 K

31

31

31
33

W'e recall that for a second-order phase transition,
one has T~ = T~ = T, . Light- and neutron-scattering
experiments reveal a prominent central-peak feature
well below T„' in addition to an anomalous cen-
tral peak near the critical temperature. ' ""The

low-temperature central peak has been attributed to
the presence of domain walls'6 though its origin and
form have not been properly explained. This peak
has a Width I which is below current experimental
resolution (which we denote by Eat).
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I

The data for important measured properties of the
two substances are summarized in Table I. In Sec.
IV we use these data to determine the parameters of
our model.

IV. APPLICATION OF THE MODEL TO

P15Ge30~~ AND SbSI

This section shows how the simple one-dimen-
sional model of the previous publication' can be ap-

plied to the two chosen prototype crystals.
In our model the soft-mode displacement is the

same for all equivalent atoms within each pl]me nor-

mal to X. We characterize this displacement by a sin-

gle function u (x, t) which describes the displacement
pattern for the different planes. The equation of mo-

tion for u(x, t) is'

m +mX +Au+Bu3 —mcp2
2

=R(xt)+e'Egg goal 3 28M
9t 9x

(4.1)

in the displacive limit. Here E is an applied (electric)
field ynd R (x, t) is the random fluctuating force as
defined in Eqs. (2.9)—(2.11) of Ref. 1. Equation
(4.1) contains seven parameters: (i} I, the unit cell
length along the x axis [a parameter of R (x, t)]; (ii)
k(T,p), the damping of the displacement pattern mo-
tion; (iii) cp, the harmonic coupling coefficient result-
ing from strain and electrostatic forces; (iv) m, the
effective mass of the atoms whose motion in each
plane is correlated; (v) A (T,p), the crystalline-field
quadratic coefficient which varies strongly with tem-
perature and pressure; (vi) 8, the crystalline-field
quartic coefficient (temperature independent); (vii)
e', the effective charge of the atoms whose -motion in
each plane is correlated.

We fix these parameters using the published data
on the following seven independent measurements:
(I) a, b, e, the crystalline-lattice constants; (II) y(Tp),
the damping determined from the soft-mode hne-
shape; (III) ej, the acoustic velocity normal to the i
axis; (IV) I'(k, T,p), the half width of the central
peak; k is the wave number; (V) ppp(0, Tp), the fre-
quency of the soft'mode at zero wave number; (VI)
the temperature- and pressure-dependent average
atomic positions; (VII) P, (T,p;E, v), the spontaneous
polarization for a given field strength E cycled at fre-
quency v. The detailed procedure whereby parame-
ters (i) through (vii} are fixed by measurements,
hereafter referred to as M(I) —M(VII) is as follows:
(i) l is determined from a, b, e according to the partic-
ular x axis probed in a given experiment. (ii) From
Eq. (5.14) of Ref. I we identify h. with y M(II); (iii)
The conclusive assignment of eo for Pb56e30~~ and
SbSI from the soft-mode dispersion relation,
[ppp'(k) = ppp2(0) + cp2k, see Eq. (5.8) of Ref. I] is

difficult due to the paucity of experimental data. A
rough estimate of cp is taken to be eq M(III).

We determine the remaining parameters (iv)
through (vii) from M(IV) —(VII) as follows' . (iv) The
mass m is obtained from the domain wall diffusion
coefficient D, which is in turn given by the frequency
width I' M(IV) of the central peak in the neutron
scattering data. We have [see Eq. (5.16) of Ref. 1],

D(T) = I'(k, T)/k2 (4.2)

and [see Eq. (4.13), (2.7), and (5.8) of Ref. I]

kq T 3col
D(T)~(T) 2u,'(T),(0, T)

(4.3)

Here ~p is the observed soft-mode frequency M(V)
and up(T) is estimated to be the largest observed
atomic displacement in the unit cell, M(VI). For
both Pb56e30~~ and SbSI, the central-peak width is
below experimental resolution Dao, even at the
Brillouin-zone boundary, ~here I is largest. Thus,
we can only given an upper bound for D as

D(T ) ~ Soll
2%2

(4.4)

Since D(T) increases with temperature, ' a best upper
bound is obtained by taking in Eq. (4.4) the highest
temperature T& (T~ ( T,) at which the central peak
can be unambiguously identified. Thus, the value of
m given by Eq. (4.3) is a lower bound. (v) A (T) is
found from the light scattering data on the soft-mode
frequency M(V) [see Eq. (5.8) of Ref. 1] and the
above value for m (iv)

~
A ( T)

~

= —,
'

m o)p'(0, T) (4.5)

and is temperature independent. (vii) The effective
charge e' is obtained combining the results from ex-
periments M(IV) —(VII) as follows. A charge e is as-
sociated with the displacement in each unit cell and
gives rise to the observed spontaneous polarization P,
M(VII) so that we have

e = V„P,(T) /up(T) (4.7)

where V„ is the unit cell volume determined from
M(I). The effective charge of the particle of mass m

(iv) is then given by

e" = (m/m„) e (4.8)

where m„ is the mass in the unit cell. The ratio
m/m„ is a measure of the number of unit cells whose

(vi) 8 is obtained from the displacement up(T) M(VI)
by [see Eq. (3.13) of Ref. I]

fa(T) f (4.6)
up (T)
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TABLE II. The seven model parameters, and the domain-wall diffusion coefficient D(Ti =350 K) determined for Pb5Ge301]
and SbSI. The large uncertainty in the value of uo M(VI) for SbSI produces considerable uncertainty in the parameters (iv) to(vii)
for SbSI. These quantities are marked by parentheses.

No. Determined Model Parameters

0
Unit-cell length along a axis (A)

Damping parameter X(T) (cm t)'

Pb5Ge30( )

10.3

14 at 293 K

Derivation

M(I)

M(n)

SbSI

18.5

11 at 284 K

Coupling constant eo (cm sec ')
Diffusion constant D(Ti) (cm sec ')

2.6 x 105

8.9 x10 5

M(nl)
(4.4)

2.4 x 105

2.9x10 4

1V Effective mass m (proton mass units) 6.5 x 104 (4.3) (1.0 x 105)

Crystalline-field quandratic coefficient
A(T) (ergcm 2) 1.0 x(500 —T) x 104+ (4.5) (2.2 x (435 —T) x 104)

V1 Crystalline-field quartic coefficient
8 (erg cm~) 1.6 x 10» (4.6) (8.8 x 10»)

vll Effective charge e' (electron-charge units) 147 (4.8) (4320)

motion is correlated in the plane.
This completes the determination of the model

parameters. Their values for the two substances stu-
died are reported in Table II. The values obtained
for the parameters are generally quite reasonable and
consistent with our model of a coherent motion of a

group of atoms in the plane perpendicular to x. We
note that the determination of the parameters in SbSI
is more uncertain due to the considerable uncertainty
in the crystallographic results for the atomic displace-
ment M (VI). The two studies reported'9'0 disagree

by a factor of. 2 in the largest observed displacement.
We have used the larger value, ' though even this
result is associated with a calculated spontaneous po-
larization which is a factor of two below the ob-
served value. Thus, even the larger value3 of the
two reported appears to be abnormally small. We
note that the effective mass obtained for Pb5Ge30(1
is of the order of that of fifteen unit cells while for
SbSI we find a considerably larger value. This im-

plies a correlated motion of unit cells in the plane for
Pb5Ge30~1. This "correlation area" agrees well with
the correlation length along x (derived below to be
between two and three unit-cell lengths), considering
that the coupling between cells in the i direction is

stronger. A somewhat larger correlation area for
SbSI is also expected on the basis of the strong cou-
pling along z associated with the filamentary structure
of the crystal (leading to a larger correlation length
parallel to z than in lead germanate). The very rea-
sonable value obtained for m suggests that the meas-
ured upper bound on D(Tt) for PbsGe30&& is a good
estimate for the wall diffusion coefficient. The unit
cell charge e was determined at three temperatures
for Pb5Ge30~1 and is around ten electron charges and

almost temperature independent (sce Table III).
This value for e is quite appropriate to a unit cell con-
taining three formula units of P15Ge30ii, and so in-
dicates that the estimate of uo is accurate. The ob-
served constancy of e confirms that the temperature
dependence of P, (T) and tto(T) is the same [see Eq.
(4.7)j.

Having determined all seven parameters and sho~n
that they have reasonable values we now proceed to
calculate seven additional observable quantities using
no adjustable parameters We compu. te (viii) the wave
number and temperature dependence of the quasi-
elastic central peak in Pb5Ge30tt, (ix) the pressure
dependence of this peak in SbSI, (x) the temperature
dependence of the domain wall width, (xi) the
number density of domain walls n„, (xii) the polari-
zation switching time t„(xiii) the temperature depen-
dence of the wall diffusion coefficient, and (xiv) the
temperature dependence of the wall mobility p, . Of
these, (viii) —(xii) have been measured and
thus give five independt'. nt tests of the theory. The
last two quantities have not yet been investigated em-
pirically so our computed results remain as predic-
tions. Properties (xi) and (xii) are not calculated for
SbSI since there is no available data on both the
low-temperature central peak-and the soft phonon
mode at the same temperature. Properties (xiii) and
(xiv) have not been evaluated for SbSI since the
temperature dependence of the soft-mode damping
y(T) M(II) is not available for a range of tempera-
tures below T,.

Let us first consider in detail the wave number,
temperature and pressure dependence of the central
peak observed in scattering experiments. In the neu-
tron scattering study of a sample of Pb5Ge30ti
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TABLE III. Derived quantities for Pb56e30~~, using the parameters of Table II and the equa-
tions referenced. The domain-wall density n was obtained from Eq. (4.13) using Fig. 1 of Ref. 16
at 435 K [where the wave number k =0.05 12)t~2rrll =2.16 x 106 cm '], and the parameters in
Table II. The polarization switching time was obtained using nw and v (350) given above.

Quantity Value Derivation

effective domain-wall mass m "(350) (proton mass
units)

82 (4.13) of Ref. 1

number density of domain walls n (cm ~) 1.6 x 103 (4.i3)

average domain length (micron)

domain-wall mobility p, (350) (secg ')

domain-wall terminal velocity v(350) (cm sec ')

5.9

1.1 x 108

360

—1
tlw

(4.i7)

(4.17) tE =14 kV/cm]

polarization switching times (psec) 1.6 (4.20)

without deposited electrodes, three distinct scattering
features are resolved: a soft phonon mode, a low-

temperature quasielastic central peak, and an
anomalous central peak whose amplitude is maximal
near T, and which rapidly attenuates above and
below T, .' We recall that our theory describes the
low-temperature central peak as opposed to the
anomalous feature near T,. The former peak is very.
narrow [I'(k) ( Etc], has an amplitude linear in T
and practically disappears on application of a large
external field of 1 kV/cm, which eliminates most of

13(k, T) = n csch
A 2A

Q'0.2

=4m„2, for small k
k2

(4.9)

(4.10)

the domain walls. This peak was assigned to scatter-
ing from domain walls. ' We used the data of Ref.
16 to obtain the diffusion coefficient given in Table
III.

In our model the integrated intensity of this central
peak is given by [Eqs. (5.18) of Ref. 1]

I

]00
I

200
T(K)

l

300
l

400

FIG. 2. Apparent domain-wall width d, vs the crystal temperature T, for Pb~Ge30~~, The solid line is the theoretical result. of
Eq, (4.12), the points are the experimental results of Ref. 16. The theoretical curve is not expected to be valid near T, . The
experimental points contain contributions from the anomalous central peak above 400 K.
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where

o.(r) —= —,
'

o&0(0, T)/co (4.11)

d, (r) =-,' em '(r) (4.12)

In Fig. 2 we compare d, (T) from Eq. (4.12) with the
experimental results. ' The quantitative agreement is
very good up to 400 K. (We do not expect our
model to be valid close to T, and the presence of the
anomalous central peak also obscures comparison

is the inverse width of a planar domain wall [Eqs.
(2.7) and (5.8) of Ref. I]. As seen in Fig. 3 of Ref. .
16, the functional form (4.9) provides a good fit to
the k dependence of the observed central-peak inten-
sity below T, where the anomalous feature does not
contribute to the scattering. From Eqs. (4.11) and
(2.1) we have

beyond 400 K.) This agreement implies that our esti-
mate for c, is accurate and that the temperature
dependence of n(T) is due to fdp(0, T) Al. so, the
value of d, (T) corresponds to a correlation length of
two to three units cells along the x axis.

The absolute intensity of the central peak is pro-
portional to the density of domain walls n [see Eq.
(4.9)]; n depends crucially on preparation and varies
from sample to sample. However, an estimate of the
density n can be obtained from the ratio of the
central- and phonon-peak integrated intensities l3 and
I, , respectively. We have [Eq. (5.18) of Ref. I]

~D(T) k' l3(T)
6 (T)e l, (T) (4.13)

In P150e30» the intensities of both the central and
the phonon peaks have been reported at 435 K.'
This allows us to normalize the reported central-peak '

intensity l3(T) to the phonon intensity l, (T). Using
this data and Eq. (4.13) the domain-wall density re-
ported in Table III at 350 K (where there is no con-
tribution from the anomalous central peak) was ob-
tained. The determined n corresponds to an average
domain length of the order of six microns, which is
in reasonable agreement with the domain lengths ob-
served microscopically in other samples. '

In our model n is temperature independent. Us-
ing the calculated value of n at 350 K we calculate
the temperature-dependence of I3(k, T) at fixed k
from Eq. (4.9). In Fig. 3, I3 is compared with the
data reported in Ref. 16, normalized to the arbitrary
intensity scale at 350 K. The agreement is excellent
outside the narrow temperature range where the
anomalous central peak appears. The small

lA

C

O

O

0
I

IOO
I

200 500
v (K)

0
400 500

FIG. 3. Integrated intensity of the central peak in the neu-
tron scattering from Pb~Ge30~~ at fixed wave number
(k =2.6 X IO cm ) vs the crystal temperature T. The open
circles are the experimental values presented in Fig. 2 of
Ref. 16. The theoretical curve (solid line) was calculated
from Eq. (4.9) using the values given in Table II and nor-
malized to the arbitrary intensity scale of Ref. 16 at T =350.
The anomalous central peak, not considered by our model,
is evident in the experimental results near T, .

2

p(kbor)

FIG. 4. The calculated intensity of the central' peak in light
scattering from SbSI in arbitrary units vs pressure at four
crystal temperatures. The experiment-al results of Ref. 33,
over a much more restricted pressure range, verify that
13(p) at 234 K is lirear and extrapolates to zero at the same
pressure as shown here.
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discrepancy between the predicted and observed
values may be described by a temperature depen-
dence of n T. able IV presents n, (T) given by

»(T,)~,'(T,) ~0(o, r, )

r, z(r) uo' (T)~0(0.T)
(4.15)

n. (T) = n (350)
13(T)

obs
(4.14)

The very small, essentially random, variations of n

obtained lie well within the expected experimental er-
ror. This verifies the temperature independence of
the domain-wail density.

In SbSI the pressure- and temperature-dependent
soft-mode and central-peak intensity are known from
Raman scattering experiments. "From Eqs. (4.5),
(4.6), and (4.10) it follows that the central-peak in-

tensity is proportional to Oso(p, T) In F. ig. 4 we
predict 13(p) at four temperatures using the reported
co02(p, T) data. 33 Figure 4 of Ref. 33 confirms the
prediction for I3(p) at T =234 K; 13(p) is linear in p
and extrapolates to zero at a pressure of j. .45 kbar.

Altogether, these results support the assignment of
the low-temperature central peak to the Brownian
motion of metastable domain walls. Equation (4.9)
correctly describes the k dependence of this peak.
The relation between the wall width u '(T), the soft
mode frequency and co is correctly given by Eq.
(4.11). Moreover, the temperature and pressure
dependence of the central-peak intensity is weil
reproduced assuming a constant density of domain
walls, This supports our view that domain walls are
not readily created thermally. The average domain
length obtained is appropriate (Table III).

The macroscopic motion of the domain walls is
described by the diffusion coefficient D(T) and the
mobility p, (T). The temperature dependence of
D(T) in Pb5Ge30~t was calculated using empirical
values for h. (T). From Eq. (4.3) we have

v(T, E) = p, (T)e"E (4.16)

2uo(T) D (T)
Ikg T

(4.17)

where p, (T) is the mobility. Thus, the temperature

Figure 5 presents D(T)/D(350) calculated for
Pb5Ge30~~ from Eq. (4.15) using X(T) from Ref. 26. ,

The significant increase in X(T) as T T, results in

only a moderate increase in D(T) with temperature.
We are unaware of measurements of the wall-
diffusion coefficient in these materials. However, a
related quantity, the wall velocity in an applied field
is readily measurable and was determined for some
ferroelectrics. The velocity v(T, E) in an external
field is related to D(T) by Eqs. (3.10) and (4.18) of
Ref. 1, i.e.,

n (cm ')
P15Ge30) i

e (electron-charge units)

0
100
200
300
350
400

1. .5 x 103

1.7 x 10'
1.7 x 103

1.6 x 10'
1.6 x 103

1.8 x 103

9.3
9.5
10.0

TABLE IV. The domain-wall density n, obtained from

Fig. 2 and Eq. (4.14) is presented at several temperatures.
The smail variation of n„ is within the experimental accura-

cy of the observed central-peak intensity and the experimen-
tal data used to obtain the theoretical intensity. The charge

per unit cell e was obtained from the temperature dependent

spontaneous polarization reported in Ref. 22 using Eq.
(4,17). The change in e over this temperature range is small

in comparison with the change in P, ,

100 200
T (K)

300 400

FIG. 5. The calculated temperature dependence of the
domain-wall diffusion coefficient, D (T)/D (350), [Eq.
(4.15)] and mobility, p, (T)/p, (350), [Eqs. (4.18) and (4.19)]
for P15Ge30~~. The calculations were performed using a

damping A. (T) fitted to the experimental data of Ref. 26:
) (T) =(7.87T+331)(500—T) cm . Values for the oth-
er quantities required in Eqs. (4.15) and (4.19) were ob-
tained from Table II. The values for D(350) and p, (350) are
given in Table III. We note that the temperature depen-
dence of the wall velocity in a field, v(T)/~(350), is the
same as p, (T)/p, (350) [Eq. (4.18)].
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dependence of v(T) is given by

v (T) /v (Tl) = p (T)/p(Ti),

Tiup(T)D(T)
Tuo(Ti)D(T|)

(4.iS)

(4.19)

can obtain a crude estimate of t, as

r, —(n„v) ' (4.20)

Using the value of n„given in Table III we obtain a

switching time in the p,sec range. This agrees quite
well with typical switching times in fields of the order
of 10 kV/cm. Thus, the wall velocity v(T) that we

report has the correct magnitude.

The calculated velocity v for Pb5Ge30ii at 350 K in a
field of 14 kv/cm is reported in Table III while

p, (T)/p, (350) is shown in Fig. 5. Thus v(T) declines
'

with increasing temperature, since the damping coef-
ficient A. increases. Although for Pb56e30ii no direct
measurements of the wall velocity normal to z have
been reported, we can obtain a crude estimate of the
accuracy of v(T ) as follows: The polarization
switching time t is the time necessary to reverse 95%
of the polarization of the sample. ' As outlined in
Sec. II, the final stage in the reversal of the crystal
polarization involves the lateral growth of domains.
Let us start with a completely polarized sample: The
growth of nuclei in the z direction is a rapid process,
if in addition nucleation of domains is rapid, then the
lateral growth is the rate determining step for T, . We
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