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by
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partial fulfillment of the requirements for the Degree of Master of Science.

ABSTRACT

Mixed crystals in the KTabel_KO3 system have been grown with composi-
tions ranging from KTaO3 to 607 KNbOj. The dielectric phase diagram has been
determined for the composition range 47 to 407 KNbOj. The three transition
temperatures become closer together with decreasing KNbO3 concentration.

For crystals containing less than 5% KNbO3, only one transition was observed.

The polarization dependence of the small signal dielectric constant
was measured using a low duty factor AC bias technique. The fourth-order
polarization coefficient in the Devonshire free energy expansion was deter-
mined for five compositionms. For crystals containing less than 307 KNbOj,
this coefificient was positive, indicating a second-order paraelectric-to-
ferroelectric phase transition. Crystals containing greater than 307 KNbOj
exhibited first-order transitions. The fourth-order polarization coefficient
varies almost linearly with temperature over about a ten to twelve degree
range above the paraelectric-to-ferroelectric transition. For higher
temperatures, it saturates to approximately a constant value.

Raman scattering was observed in crystals with compositions between

6% and 337 KNbOj. No first-order Raman spectrum was observed in the para-
electric phase. The ferroelectric "soft" mode was overdamped in the
tetragonal and orthorhombic phases of all crystals observed. In the rhombo-

hedral phase, this mode was underdamped for crystals containing less than
277% KNbO3 and was overdamped for crystals containing more than 337 KNbOj,
suggesting a strong correlation between the damping of the ferroelectric
mode and the thermodynamic order of the paraelectric-to-ferroelectric
transition.
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I. INTRODUCTION

1. Ferroelectricity

A ferroelectric is a material which possesses a spontaneous
polarization that can be reversed by the application of an appro-
priate electric field. The polarization and the electric field
are related by a hysteresis loop which 1s characteristic of a ma-
terial in a ferroelectric phase. Ferroelectricity usually disap-
pears above a certain temperature called the transition temperature.
Above the transition the crystal i1s said to be in the paraelectric
phase where the dielectric constant usually obeys a Curle-Weiss

law,
e = C/(T - To)’ (1)

where C is the Curie constant and To, the Curie-Welss temperature,
is either the transition temperature or just a few degrees below it.
The dielectric constant falls off rapidly below the transition.
Ferroelectrics can be grouped into two classes according to the
nature of the phase change occurring at the transition. The first
group is characterized by the existence of permanent dipole moments
in the polar and nonpolar phases. In the nonpolar phase, the dipole
moments are randomly oriented and thus do not produce a net polari-
zation. These dipole moments do, however, become ordered below a
certain critical temperature and give rise to the spontaneous polari-
zation. This is then an order-disorder transition. In the second
group, there are no permanent dipole moments in the nonpolar phase

and the crystal undergoes a displacive tramsition. At the tranmsition,
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the lattice deforms in such a way that the positive sublattice is
displaced relative to the negative sublattice and a spontaneous
polarization results.

The phase transition can also be classified thermodynamically
as either first- or second-order. For a first-order transition there
is a latent heat and the spontaneous polarization is discontinuous
at the transition temperature. A second-order transition is char-
acterized by no latent heat and a continuous spontaneous polariza-
tion.

The simplest structure known to be ferroelectric is the perov-
skite structure (Fig. 1). Ferroelectric crystals of this structure
have a general chemical formula ABOB, where the A atoms are on the
cube corners, the B atom is in the center of the cube and the O
atoms are at the face centers. Ferroelectrics with this structure
undergo displacive-type transitions which can be either first- or
second-order. These perovskite ferroelectrics have received consider-
able attention in the study of ferroelectricity due to their simple
structure.

The onset of ferroelectricity can be discussed from two
related viewpoints. .The first is the "polarizability catastrophe"
in which for some critical condition the lattice polarizability
becomes very large. To see how this might occur, consider the case
of a cubic lattice of point ions, all having a polarizability a.

The field at each lattice site is equal to the applied field Ea
plus the field due to the dipole fields of the other ions. The

field at a lattice point, in a simple cubic lattice, due to the
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Fig. 1.

Perovskite structure.
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other dipoles is given by P/BEO (M.K.S.), where P is the macro-
scopic polarization of the lattice. If there are N atoms per unit

volume, the total polarization is

P = Na(E_ + P/3e). (2)
Solving this for P,

P/Ea = Na/ (1 - Na/3€o). (3)

Therefore, when Nu/3€o approaches unity, P/Ea approaches infinity,
and there éan be a finite polarization with no applied field, i.e.,
a spontaneous polarization. This is the approach which was taken
by Slater1 in his treatment of BaTiO3.

The second viewpoint relates the ferroelectric transition to
a transverse optical phonon mode.frequency which assumes unusually
low values at the transition temperature. The theory, developed by
Anderson2 and Cochran,3 takes into consideration the normal vibra-
tional modes and their relation to the ferroelectric behavior of the
crystal. They find that for one particular mode, at a certaln tem-
perature, the short—rapge restoring forces and the long-range
Coulomb forces almost cancel. The total restoring force is then
very small and the crystal becomes unstable for that particular
mode. This is called the "ferroelectric soft mode" because, ac-
cording to Cochran, it is responsible for the ferroelectric behavior
of the crystal.

These two vlewpoint; are related by the Lyddane-Sachs—Teller4

relation:
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From this, the unusually high dielectric constant in the polari-
zability catastrophe theory occurs due to the unusually low value
of one of the transverse optical mode frequencies as predicted by the

Cochran theory.

2. Problem Definition

The ferroelectric soft mode has been observed by several
experimentalists using Raman scattering. The soft mode in BaTiO3S

and KNbO ferroelectrics with first-order paraelectric to ferro-

32
electric transitioﬁs, is overdamped while this mode in (K,Na)Ta03,6
a crystal system with a second-order phase transition, 1s under-
damped.

The purpose of this study is to investigate the correlation,
if any, between the order of the phase transition and the damping of
the ferroelectric mode. To do this, it is desirable to have a crys-
tal system which has a first-order transition for some compositions
and a second-order transition for the remaining compositions.

KTabe —x03’ or KTN, is a crystal system with this property. It

1
will be necessary to find the composition at which the phase tran-
sition changes from first- to second-order and then observe the
Raman scattering spectra for crystals with composifions above and
below this critical composition.

The dielectric properties of KIN have been studied by several

authors.7_9 Kurtz10 and Triebwasser7 report values of 33 and 45 mole 7%

11
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KNbO3, respectively, as the composition at which the transition
changes from first- to second-order. The large discrepancy in their
results and the manner in which they determined their respective
values leads to the belief that neithe- of these values is accurate.
Raman scattering spectra of KTN have been observedll but the ferro-
electric mode could not be resolved. This is, then, the first study
of the ferroelectric mode in KTN and also the first study of a pos-
sible correlation between the damping of the ferroelectric mode and

the order of the phase transition.

3. Dielectric and Structural Properties of KTN

The KTN system is composed of the two end members, KNbO3 and

KTaOB. KNbO3 is ferroelectric below 70801(.12 Its dielectric prop-

erties have been studied by Matthias and Remeika,12 Shirane et al.,13

and Triebwasser,14 while its crystal structure has been reported by

WOod,15 Vousden,16 and Shirane et al.13 In Fig. 1, the A atoms cor-

respond to potassium; the B atom, to niobium; and the O atoms to the

oxygen atoms 1in KNbO3. KNbO3 is cubic above 708°K with lattice param-
016 o 0, .

eter 4.024 A" at 770K and then becomes tetragonal. At 498K its

structure changes to ofthorhombic and remains so until 228°K where it

becomes rhombohedral. All three of these transitions are first-

13,17

order.

The dielectric properties of KTa0O., have been studied by several

3
18-21 18 -
authors. Hulm et al. reported a transition to a ferroelectric
state at 13°K. Later, Wemple,19 using higher purity crystals, found

that no transition to a ferroelectric state took place above liquid

helium temperature. The room temperature structure of KTaO3 is cubic

12
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perovskite with a lattice parameter 3.989 A.16 In Fig. 1, the A

atoms again correspond to potassium; the B atom, to tantalum; and
the O atoms to the oxygen atoms in KTaO3. The structure probably
remalns cubic at lower temperatures but a low-temperature study
does not appear to have been conducted.

The dielectric properties of KIN were first studied by
Triebwasser7 in the composition range 20 to 100 mole 7 KNbO3 in the
temperature interval 90° to 720°K. His results indicate the follow-

ing:

1) The paraelectric-to-ferroelectric transition temperature
(Curie temperature) moves to lower temperatures with decreasing
KNbO3 concentration.

2) The peak dielectric constant decreases with decreasing
KNbO3 concentration.

3) The thermal hysteresis of the transition temperatures de-

creases with decreasing KNbO3 concentration.

Triebwasser's data also indicated that the paraelectric-to-ferroelec-
tric transition changed from first-order to second-order at approxi-
mately 45 mole 7 KNbO

"with higher KNbO, concentrations giving first-

3 3
order transitions and lower concentrations, giving second-order
transitions.

More recent dielectric measurements of KTN have been reported
by Chen et al.8 They have measured the Devonshire coefficlents (see

section on thermodynamics) for two compositions of the KIN system.

The fourth-order polarization coefficient allows the determination of

e
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the order of the paraelectric-to-ferroelectric transition. Using
their data and a value of the fourth-order polarization coefficient
determined by Kahng and Wemple21 for KTa03, Kurtzlo reports a value
of the composition at which the transition changes from first- to
second-order of about 33 mole 7% KNb03. Wemple et allg»have also
measured the Devonshire coefficients using measurements obtained
from surface barrier junctions formed on semiconducting crystals of
KTN. Their values differed considerably from those obtained by Chen
et al.8 possibly due to clamping effects associated with the surface
junction geometry.

The structural properties of the KTN system have also been
reported by Triebwasser.7 KTN undergoes the same sequence of struc-
ture changes as KNbO3 in the composition range 20 to 100 mole % KNbO3.
A structural study of compositions below 20 mole % KNbO, does not

3

appear to have been conducted.

o



II. THEORETICAL CONSIDERATIONS

1. Thermodynamic Theory of Ferroelectrics

Many properties of ferroelectrics such as polarization and
dielectric constant, as well as their temperature, field, and
pressure dependence, can be interrelated through a thermodynamic
formalism developed by Devonshire.22 This formalism can be used
to develop a method for determining the order of the ferroelectric
transition from the polarization dependence of the dielectric con-
stant. In this section, we will develop the equations essential
to this determination.

The differential of the internal energy of a body subject to

external stresses and electric field is

3
dUu = TdS - I Xidxi + E'dg, (5)
i=1

where S is the entropy, T the temperature, x, and X, the strain and

i i

stress components, respectively, E the electric field and E the

polarization. If the experiment is such that the external conditions

are constant temperature and constant stress, the most convenient

potential function to use is the elastic Gibbs function, G, obtained

from U by two Legendre transformations:

3
G=1U+ .Z Xix:,L - TS, (6)
i=1

with the corresponding differential

3
dG = -SdT + 151 x,dX, + E*dB. (7

15
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For the above external conditions, Eq. 7 becomes

dG = E-dP. (8)
If the stress is taken to be constant, G can be expanded in powers
of the polarization with coefficients which depend only on temper-
ature. If the crystal has a center cf inversion above the Curie
temperature, this expansion can be made in even powers of the polari-

zation:

G =G+ AP2 + BP4 + CP6 + ey, (9)

where, for simplicity, the polarization has been assumed to be di-
rected along only one axis and Go is the free energy for zero polari-
zation. The basic assumption in this thermodynamic treatment 1s that

Eq. 9 can be applied both above and below the transition.

From Eq. 8,
- (3G - 3 5, ...
E = (BP)T,X = 2AP + 4BP” + 6CP~ + . (10)
Also,
oE _ 1 . 1_ 2 4 e
GPrx~c-e "e- A% 12BP“ + 30CP" + . (11)

o

where A, B and C are the temperature-dependent coefficients and the
approximation in Eq. 11 is valid since, for ferroelectrics in the
vicinity of the transition, € is of the order of 104 €y For Curie-
Weiss behavior in the paraelectric phase, we require that A have the
form

A= A'(T - To), (12)

where A' is independent of temperature and To is the Curie-Weliss

16
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temperature, not necessarily the transition temperature. A will then

be positive or negative depending on the sample temperature.
The entropy may be obtained from the differential of G as

s=-@%, -5, - Gt - Ghrt - G- e

The entropy is then continuous or discontinuous at the transition
temperature, depending upon whether or not the polarization is con-
tinuous. If the polarization, and therefore the entropy, is dis-
continuous at the transition, there is a latent heat, and the tran-
sition is said to be first-order. If the polarization is continuous,
there is a discontinuity in the specific heat but no latent heat, and
the transition 1is second-order.

From Eq. 9, one sees that G will be equal to GO(T) in the non-

polar phase and that this value will be a minimum at zero polariza-

tion since A is positive in the nonpolar phase. Therefore, the stable

state for the system in the nonpolar phase is at zero polarization.
As the temperature is decreased, the stable state of the system will
change from one with the polarization equal to zero to ome with non-
zero polarization and the system will undergo a ferroelectric transi-
tion. The nature of the phase transition will depend on the signs of
the coefficients in the free energy expansion. The simplest case

occurs when A', B and C are positive and terms of higher order than P

17

are negligible in Eq. 9. The spontareous polarization can be calculated

by setting Eq. 10 equal to zero:

E=0=2AP + 4BP3 + 6CP5. (o")
S s S
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This equation has five solutioms given by

2 1 2 B
Pl = ¢g [-28 t_‘/AB - 12a€], P_ =0 (14a,14b)

The solutions of Eq. l4a corresponding to the minus sign can be
neglected since they will always lead to imaginary values for PS in
the case of B and C positive. For A positive, Eq. l4a has no real
solutions, so that the stable state of the system is at PS = 0.
When A = 0, Pi = 0 in Eq. l4a, and as A becomes negative, there are
two real nonzero solutions for PS corresponding to minima in the free
energy. Thus the system changes from one with PS = 0 to one with PS
nonzero and the system has undergone a ferroelectric transition.
Since this change in PS is a continuous function of A, and thus of
temperature, the transition is second-order. Also, since the tran-
sition takes place at A = 0, Ttr = To’ the Curie-Weiss temperature is equal
to the transition temperature in the case of a second-order transition.
The next simplest case is one in which A' and C are positive,
B is negative and terms of higher order than P6 are again negligible
in Eq. 9. In this case, the spontaneous polarization is again given
by Eqs. l4a and 14b, but since B 1is negative, there will be five
solutions in general evén though A is positive. The two nonzero solu-
tions in Eq. l4a corresponding to the minus sign will give maximum for
the system and can be neglected in determining the stable state of the
system. The condition for a transitilon is that the free energy at the
nonzero values of polarization be equal to the free energy at zero
polarization. Therefore, from Eq. 9,

G, -G, = 0= APz + BPi + cpg, (15)
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where GP is the free energy at the nonzero value of polarization.

Solving Eqs. 15 and 10' simultaneously for Ps’ one finds
2
P = -B/2C (16)

as the value of the spontaneous polarization at the transition.
Since, for this case, B 1s negative and C is positive, Eq. 16
gives real nonzero values of PS. Thus the polarization changes
discontinuously from zero to some nonzero value at the transition
and the transition is first-order. From Eqs. 15 and 10', one can

also solve for the value of A at the transition:
A = B2/4C = A'(T._ - T) > O. (17)
tr o

Therefore, in the case of a first-order transition, the transition
temperature is higher than the Curie-Weiss temperature.

For these two simple cases, the order of the phase transition
depends only on the sign of B. Therefore, a calculation of the
value of B from experimental data provides a means of determining the
order of the phase transition. From Eq. 11, neglecting terms of
higher order than P2, one finds

%= oA + 12BP%. (18)

If the lattice is polarized by an external field and the dielectric

constant measured, a plot of Eq. 18 can be constructed. The slope

of this plot will be proportional to B with a positive slope indicating

a second-order transition and a negative slope, a first-order transition.
If the fourth-order term in Eq. 11 is not negligible, Eq. 18 will

become

% = 2a + 12BP% + 30cP*. (18")
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This additional term was taken into consideration in the theory
above so that the transition can still be determined from the sign
of B. A plot of 1/e versus P2 will have to be fitted to Eq. 18'
to determine the values of A, B and C and thus the order of the
transition.

If terms of order P6 must be considered in Eq. 11, the
determination of the order of the transition becomes much more
difficult. This case was not encountered so it will not be con-
sidered in this section.

A method of determining Eq. 18 and Eq. 18' experimentally

is discussed in the section on experimental techniques.

2. Microscopic Calculation of the Free Energy

While the thermodynamic theory of ferroelectriclity is com-
pletely macroscopic, Slater'sl treatment of BaTiO3 allows the de-
termination of the constants in the free energy expansion (Eq. 9)
in terms of microscopic parameters of the system. Slater treated
the BaTiO3 perovskite structure as five interpenetrating simple
cubic lattices. He assumed that all ions have an electronic
polarizability but thaé only the titanium ion has an ionic polari-
zability and calculated the local field at each ion position. He
then expressed the polarization of each simple cubic lattice in
terms of the local field which consists of the applied field and the
field at each site due to the polarization of the ions on all the

simple cubic lattices. The condition for a spontaneous polarization

is then the vanishing of a fifth-order determinant. He solved for



the total polarization of the lattice in terms of the applied field,
the electronic polarizabilities of all the ions, and the ionic
polarizability of the titanium ion. Using experimental values for
the electronic polarizabilities, he found that the polarizability
catastrophe would take place if the ionic polarizability of the
titanium ion assumed a value of only one-sixteenth of the value
predicted in the case of simple cubic symmetry. The perovskite
structure therefore serves to enhance the onset of ferroelectricity.
Slater also calculated the Helmholtz free energy for BaTiOB.
A general derivation of the free energy is given below and a few
comments about the specific case of BaTiO., follow. We first assume

3
that the potential of a displaced ion is

bx,y,2) = ale + 3P+ 2h) b 4+t e 4

+ 2b2(x2y2 + y222 + zzxz). (19)

This is not an entirely arbitrary assumption since Slater has shown
that a potential function of this form will give a temperature
dependence of the polarizability which is consistent with Curie-Weiss
behavior. The problem is treated entirely with classical statistical
mechanics with the understanding that the results would need correc-
tions at temperatures sufficiently low that the partition function
summation can no longer be approximated by an integral. The first
step is to compute the partition function, Z. If we were dealing with
a single polarizable ion, this would be (2ﬂka/h2)3/2W, where m is the

mass of the ion; T, the temperature; k, Boltzmann's constant; h,

Planck's constant and




W= j exp[- ¢ + qE-1)/kT]dv. (20)

If the system contains N identical ions which vibrate independently

of each other, the whole partition function is

z =[ 2mkr/b%) 21NNt~ [(e/tn3) 2muiery 3/ 21NN, (21)

where Stirling's formula has been used for the factorial in the last

expression in Eq. 21. Inserting Eq. 19 into Eq. 20, one finds

W= j eXP{[‘a(xz+y2+z2)-b1(x4+y4+24)-2b2(x2y2+y2z2+z2x2)

+ q(E_x + Eyy + Ezz)]/kT}. (20")

This equation cannot be solved exactly, we will therefore use series
expansion methods, treating b1 and b2 as small quantities, and dis-
regarding all terms of higher powers than the first in these quanti-
ties.

Consider the part of the exponential in Eq. 20' which does not

depend on b1 and b2’

exp{[—a(x2+y2+z2)+q(Exx +Eyy+Ezz)]/kT} =

qE_ 2 qE_ 2
exp(a’E*/4akDexpl- 22 [(x - =) + (y - =D +
qEz 2
(Z - ﬁ) ]}. (22)

In Eq. 22, we have completed the square in the «xponentizl and used

the relation E2 = Ei + E; + Ei. The other part of the exponential in

Eq. 20' can now be expanded in the manner mentioned above. This

22



R

g A e D
D TG T e e

e
A
%
15

23

expansion gilves

4, 4 22, 22 22

exP{[-bl(x4+y +z )—2b2( vy z 42z %) 1/kT} =

b 2b
1 - Lty - (x2y2+y2z2+z x2). (23)

Using Eq. 22 and Eq. 23, Eq. 20' becomes

W= exp(q2E2/4akT) f exp{-a[(x—Qx)2+(y_Qy)2+(z-Qz)2]}'

[1-8, ety -8, Py By P e ) v, (24)
where
b b qE
_a -1 - 2 i _
o =T Bl = B, = g7 and Q; = 5~ for i=x,y,z.

There are three types of integrals to be evaluated in Eq. 24:

—a(i-Qi)2

e di =Jw/a , (25)

1
8 —
8

= 2
—a(1-Q,)
J e Tlat= yne Q) + 30 + 27, @6
= 2
—a(1-Q,)
f W2 e Y at = e 0] + 301, (27)

Using these results, Eq. 24 becomes

3/2
W = (EEI) exp (q2E>/4akT) {1 --%(3b1+2b2)(kT/az)



2 4
- -9 _(3b,+2b y (B2+E248%) - —1— [b & +E )
4a3 17727 x 'y Tz 16aka 1'7x
2.2 2.2 2 2
+ 2b2(ExEy + EyEz zEx)]}. (28)

The Helmholtz free energy is given by the following relation:

A= -kT 1n Z, (29)

where Z is the partition function. Using this and Eqs. 21 and 28,

the Helmholtz free energy becomes:

2.2
A = -NkT ln[(e/Nh3)(nkT)3(2m/a)3/2]- N ﬂzg—

2.2 4

2
+M-(3b+2b)+—q—g—(3b+3b)NkT+Eq——[b(E4+
2 172Py 3 (3b;+3b, 5 10y (By
4a 4La 16a
b 2.2 , 2.2 4 5252
+ EHE, )+2b (E Ey+EyEz EZE)], (30)

where the approximation 1ln(l-x) ~ x for small x has been used. The
free energy used ir the previous section was the Gibbs free energy

which is defined by the relation

G=A+EP +EP +EP_, (31)
X X vy z z
where Pi is the polarization in the i direction and is given by
N ) =
Pi— (BE), i=x,y,z. (32)
1 T

The polarization can now be calculated from Eq. 30 and the Gibbs

24
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energy determihed as a function of P and T:

G = -NKT 1n[(e/Nh3) (1TkT)3(2m/a)3/2+3N(kT)2(3b1+2b2)/4a2
aP2 1
+ 3y (3b )1+ A (p +p )
3 O b
Nq a
22 292 2.2
+2b2(PxPy + Psz + Psz)]. (33)

To compare this with Eq. 9 of the last section, let Py = Pz = 0 and

Px be nonzero and equal to P. Then,

2
G = —NKT ln[(e/Nh3) (mkT)3(2m/a)3/ 21+ ﬂ‘,gi (3b, + 2b,)
4a
p? k.T 1k
+ 2 e B )]+ b.pt. (34)
2 s
Nq a N7q

The above approach has two limitations. First, we assumed that
the various ions vibrated independently of each other. This assumption
is, of course, incorrect. If we consider these interactions between
ions, we must introduce normal coordinates describing the various lat-
tice vibrational modes of the crystal. Such a treatment has been con-
sidered by Ar.derson2 and Cochran3 and will be mentioned in the next
section. For our purpose, in this section, this treatment is not
necessary and will not be considered.

The second limitation of the above calculation is that we have
not considered the effect of the long-range dipole fields. The 1ions,
by their displacements, produce long-range electric forces acting on
each dipole of the system, and these dipole forces must be considered

separately from the short-range forces. Slater considered this effect



in detail for the case of BaTiO3 and calculated a Gibbs free energy
very similar to Eq. 33, but with additional factors multiplying the
last two terms in that equation.

The term in Eq. 34 of interest in the polarization dependent
dielectric constant measurements is the coefficient of the fourth-
order polarization term. As mentioned in the last section, this
coefficient determines the order of the ferroelectric transition.

From Eq. 34, this term is bl/N3q4

, while Slater calculated a value

of (CA/EOCS)A(Nq4/16a4)b1, taking into account the dipole fields.

In the last expression, <, and cg are functions of the polarizabil-
ities of the barium and oxygen ions in BaTiO3. The important thing

to note about the form found for the fourth-order polarization coeffi-
cient is that its sign depends only on the sign of bl’ the coefficient
of the anharmonic contribution to the ion potential. For a first-

order transition, b, must be negative and for a second-order transi-

1

tion, it must be positive. In the case of KIN, b1 must be a function
of composition since it changes from positive to negative at scme

critical composition.

3. Lattice Dynamics

Anderson2 and Cochran3 have investigated the phenomenon of
ferroelectricity in terms of the normal modes of vibration.

FrBhlich23

first suggested that these modes might be very important
in the theory of ferroelectricity from a consideration of the

Lyddane-Sachs-Teller relation (Eq. 4). That is, the high value of

the static dielectric constant at the transition is caused by an

26
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unusually low frequency for one of the transverse optical vibrational
modes.

Cochran has solved for the transverse optic phonon mode fre-
quency for a diatomic cubic crystal in which ea~h icn is surrounded by
tetrahedral symmetry. The calculations are made at zero wave number
where the lattices of like atoms are vibrating as a single unit. He
used a "shell'" model which had proved to be quite successful in de-
scribing the dispersion relations of sodium iodide.24 In this model,
each ion 1s represented as a core, consisting of the nucleus and
inner electrons, and a shell representing the outer electrons. The
core is coupled to the shell by an isotropic force constant. The
forces acting at each lattice site are then the long-range Coulomb
forces, which depend on the lattice polarization and act on each core
and shell, and the short-range core-core, shell-shell and core-shell
interactions. The diatomic lattice can then be considered to consist
of four interpenetrating lattices each vibrating as a single unit.
Cochran writes the equations of motion for each sublattice, assumes
that the shells have zero mass, and solves for the frequency of the
transverse optical phonon mode. The square of the mode frequency is
proportional to the difference between terms representing the short-
range restoring forces and the long-range Coulomb forces. The un-
usually low value of the mode frequency at the ferroelectric transition,
therefore, results from a near cancellation of the short-range and
Coulomb interactions.

Cochran next assumes a short-range potential function for the

core-core interaction. This potential is of the same form as that

1

-l = ™



assumed by Slater (Eq. 19). The short-range force is determined
from the potential by differentiation and plotted as a function of
z general ion displacement, u, in Figs. 2 and 3. The Coulomb force
is also shown and 1s assumed to be linearly temperature dependent.
The square of the T.0. mode frequency is now proportional to the
difference between the slopes of these two curves at the origin
while the dielectric constant is inversely proportional to the same
quantity.

Figure 2 shows the forces for three different temperatures in
the case where the coefficient of the fourth-order term in the poten-
tial, b1 in Eq. 19, 1s positive. The condition for a structural
transition can be determined by the external mechanical work necessary
to cause the transition. In Fig. 2a, the work necessary to displace
the ions a distance u, from equilibrium is equal to the difference be-
tween the area under the curve representing the short-range force and
the area under the curve representing the Coulomb force. Since this
work is positive in Fig. 2a, the stable state of the system is the
equilibrium position, u = 0. As the temperature decreases, the two
curves become tangeni at the origin (Fig. 2b), and as the temperature
decreases further (Fig. 2c), the amount of work necessary to displace
the ions to a new position ug is negative and this becomes the new
equilibrium position of the ions. In this case, the equilibrium dis-
placement is a continuous function of temperature changing from zero
at the transition to some positive value. This is then, a second-
order transition. Since the dielectric constant is inversely pro-

portional to the difference between the two slopes at the originm, it

28
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is infinite at the transition. Also, the T.0. mode frequency is

zero at the transition since it is directly proportional to the same

quantity.

The conditions for the case in which b. 1s negative in Eq. 19

1
are shown in Fig. 3 for three different temperatures. The inter-

sections corresponding to uy and u, are unstable since work is re-
quired to displace the ions to these positions. The stable condi-

tion for the system in Figs. 3a and 3b is therefore at u = 0. As

the temperature is lowered, the two shaded areas in Fig. 3c become

equal and no work is required to displace the ions to the position u .

(o}

The ions then change to a new equilibrium position u, discontinuously
and a first-order transition takes place. Since the two slopes are
not equal at the transition, the dielectric constant is finite and
the soft mode frequency 1s nonzero at a first-order transition.

Using this argument it is then possible to show that for b1
positive in Eq. 19, the transition will be second-order while for b1
negative the transition will be first-order. This same conclusion
was reached in the previous section but was formulated in a different

manner.

The temperature dependence of the soft mode is assumed to be due

to anharmonic terms in the lattice potential since it is known that

one effect of the anharmonicity of the lattice vibration is to make

the effective harmonic force constant temperature dependent.25 The

1/2 in the nonpolar phase where Kk 1s the

soft mode should vary as (k)
dielectric constant. Since the dielectric constant usually obeys the

Curie-Weiss law in this phase, the soft mode should depend on temper-

30
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2
ature as (T-To)l/ , where T is the Curie-Weiss temperature. In the polar
phase, it will vary in a manner similar to the spontaneous polariza-
tion. The temperature dependence of this mode in the nonpolar phase

has been observed in SrTiO3,26 BaTi0 27 KTaO3,28’29 and (Na,K)Ta03.6

30

The physical mechanism for the temperature dependence of the
dielectric constant in the Cochran theory 1is essentially the same as
in the theory developed by Slater. Also, the dependence of the order
of the transition on the sign of the fourth-order coefficient in the
ion potential was previously suggested by the Slater model. The main
contribution of the Cochran theory ig that it correlates the transition
to the polar state with the existence of a temperature-dependent trans-
verse optic phonon, thus enabling one to study the ferroelectric be-

havior with the techniques available for observation of the lattice

vibration mode.

4. Raman Effect

In the Raman effect, one observes light inelastically scattered
from the system being studied. The frequency spectrum of the cbserved
light can be discussed in completely classical terms. The incident
radiation induces dipole moments in the system. For small field in-
tensities, the response of the dipoles to the electric field is linear

and

M = oF, (35)

where M is the dipole moment, o is the polarizability, and E is the
electric field. The polarizability is, in general, a second-rank

tensor and can be represented by an ellipsoid. 1In Eq. 35 we have
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assumed that the three principal axes of the ellipsold are equal
to o. The electric field can be written as a function of time in

the following form:

E= gm cos(wit). (36)

Inserting this into Eq. 35, one finds

M=k cos(wit). (37)

If it is assumed for the sake of simplicity that all the ions in the
crystal vibrate with a frequency wp, the polarizability will change
with the ion configuration. If the ions execute a periodic motion,

o, will change in a periodic manner and one may write:

o= a, + 0, cos u)pt, (38)

1
where o is the polarizability in the equilibrium configuration.

Substituting Eq. 38 into 37 leads to the expression

M (ao + al cos wpt)(gm cos wit)

o
1
qogm cos wit + 5 gm[cos(wi wp)t + cos(mi+wp)t].(39)

The electric moments induced therefore radiate light which contains
three frequency components. The component corresponding to the
incident frequency, wi, gives rise to the Rayleigh line in the
scattering spectrum. The other components, wy - wp and Wy + wp’
correspond to the so-called Stokes and anti-Stokes lines observed
in the Raman effect. An important point to notice in this classi-

cal treatment is that the Rayleigh scattering results from the

polarizability of the ions while the Raman scattering components
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result from the change in polarizability.
A quantum mechanical description 1is necessary to explain the
quantization of the vibration modes. In the quantum description,

the line at w

;- u$ (Stokes line) corresponds to a process in which

the incident radiation gives energy to the lattice and creates a

phonon. In this case, w, is the frequency of the incident light and

i
u% is the frequency of the phonon. The line at Wy + wp (anti-Stokes
line) corresponds to the process in which the incident radiation
receives energy from a lattice vibrational mode and thus annihilates
the phonon. The probability of the anti-Stokes process is propor-

tional to the number of thermally excited phonons, n, where n is the

Bose factor,

7= [exp(hw/kT)-11T.

The probability of the Stokes process can be shown to be proportional
to (;-+ 1). Therefore, the intensity of the Stokes component in the
scattering spectrum is greater than that of the anti-Stokes component.
For processes in which a single phonon is created or destroyed,
the phonon wave vector is determined by the wave vector of the incildent

and observed light. Conservation of momentum and energy require that

k, +k +k =0 andw, = w_ + W,
+i >0 2p i o— P

where k., k_, and k_ are the wave vectors of the incident light, ob-

+i’ >0 +p
served light, and the phonon. Wy, W, and mp are the respective fre-
quencies. For incident light in the visible spectrum, and for incident
and observed light at right angles, a phonon wave vector has a magnitude

-1

of order 105 cm —, which is smaller than a typical Brillouin zone by
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about a factor 103. The first-order scattering therefore corre-
sponds to annihilation or creation of a phonon with wavelength
very large compared to a lattice constant.

Higher order Raman processes can also be observed in which
two or more phonons are created or annihilated. In this case, the
conservation of momentum simply requires that the vector sum of the
wave vectors of the incident light, the observed light, and all the
phonons involved in the process be zero. One then observes phonon
creation and annihilation processes which extend throughout the
entire Brillouin zone. The resulting scattering spectrum is there-
fore a continum. The first-order Raman process is not allowed for
crystals in which every ion is at a center of inversion symmetry.
This is the case for KIN in its cubic perovskite phase above the
paraelectric-to-ferroelectric transition. The '"soft" mode is there-
fore not observable in the nonpolar phase but is observable below
the transition since the crystal symmetry changes.

The line shape of the soft modes observed in previous work

have varied from relatively narrow modes in SrT10326 and KTaO3 to

heavily overdamped ques in BaTiO35 and KDP.30 In the mixed crys-
tal system (Na,K)TaO3,6 the mode widths were found to vary consider-
ably with composition. For the narrow modes, the mode frequency is
simply the peak of the response. In case of overdamping, the modes
were assumed to be damped in the same manner as a classical harmonic

oscillator, and the undamped frequencies were extracted by fitting

the response curves with damped harmonic oscillator functions. In
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the case of (Na,K)TaO3, the modes could not be fit by the damped
harmonic oscillator functions and a more complicated equation was

necessary to fit the line shape.
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III. EXPERIMENTAL TECHNIQUES

1. Polarization Dependence of the Dielectric Constant

A technique for measuring the polarization dependence of the
dielectric constant has been described by Landauer, Drougard and
Y0ung.31 The technique consists of applying to a capacitance bridge
a small high-frequency measuring voltage superimposed upon a large
low-frequency sine wave bias field. The bias field polarizes the
lattice and the bridge measures the resulting dielectric constant.
This method proved unsatisfactory for KIN due to excessive heating
of the sample caused by the bias field. To overcome this problen,
another technique was employed using a low duty factor (27%) square
pulse with zero dc average as the ac bias, Fig. 4a. This bias pulse
is generated by the equipment shown in the block diagram in Fig. 5.
The pulse repetition is established by an astable multivibrator which
generates trigger pulses at 5 hertz. These pulses trigger a Tektronix
No. 162 waveform generator, which generates gate waveforms for two
Tektronix No. 163 pulse generators. The output of the first generator
is a positive going square pulse of 2 msec duration. The output of
the second pulse generator is a negative going square pulse of 2 msec
duration and delayed 2 msec with respect to the positive going pulse.
These two pulses are adjusted to have the same amplitude, and summed
in a resistive network. The sum voltage is then amplified by a high-
quality 40-watt audio amplifier. The amplifier output drives the
8-ohm secondary winding of a 30 watt high-fidelity audio transformer.
The output of the 8000-ohm winding is capacitively loaded to prevent

spiking, and applied to the capacitance bridge. The resulting pulse
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has zero DC component, occurs at 10 hertz with a 2 percent duty fac-
tor and has a peak amplitude of Q to 160 volts.

The arrangement for measuring the polarization dependence of
the dielectric constant is shown in Tig. 6. The square pulse and a
100-kHz measuring field are applied to the detector terminals of a
General Radio 716-C capacitance bridge. The bridge measures the
capacitance of the series combination of the sample and a large
high-quality linear capacitor. The charge on the linear capacitor
is proporticnal to the polarization of the sample. The bridge un-
balance signal is amplified by an amplifier tuned to the measuring
frequency, 100 kHz. This amplified bridge signal 1s then displayed
on the oscilloscope (Figs. 4b and 4c) along with the voltage across
the linear capacitor (Fig. 4a). In operation, a bias voltage 1is ap-
plied to the bridge, the voltage across the linear capacitor is de-
termined from the oscilloscope trace and the sample polarization com-
puted. The bridge is then balanced for the period in which the pulse
is present (Fig. 4c). This bridge reading gives the value of the
sample capacitance for the particular value of sample polarization.
From these measurements, a plot of 1/€ versus P2 can be constructed
and the value of the fourth-order polarization coefficient, B in
Eq. 9, determined.

An AC bias is used in the above technique to avoid the dif-
ficulty of a space-charge capacitance at the ferroelectric-electrode
interface which is usually encountered when a DC bias is used.32’33

This space-charge capacitance would decrease as the electric field
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increased and would tend to reduce the field in the bulk of the
sample. A slight difficulty with the AC bias technique has been
pointed out by M.erz.34 The expression for 1/e in Eq. 11 assumes
isothermal conditions while the application of an AC bias is closer
to an adiabatic condition. The temperature therefore varies as a
function of the polarization. If the temperature increment due to
this electrocaloric effect, AT = T - To’ is small, the electric

field can be written as

2
(36 3G 3G
o -(3), - (8), +(550), = o
o

where T0 is the temperature at zero polarization. Since the condi-

tions are adiabatic,

38
s = d ( gg) (3T0> - 12 9“1 P44 -dP— pe 4 dc PS]dP 0, (41)

where S is the entropy of the unpolarized state and where we neg-

9S
lected terms of order P8 in the free energy. Noting that:( o) =
T

oT
pC o
_ER and integrating Eq. 41, we get
s) :
To dA .2 , dB _4 . dC .6
AT = E;E [ET P” + 37 P + T P ], (42)

where Cp is the specific heat at constant polarization and p is the

density. Substituting this into Eq. 40, and differentiating, we find

T T

(B_E) - - Lo ampe 5% @hPptes0ior 5 (p a8 &yt )
s P

E-€ € C
o P
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Comparing this with Eq. 11, the correction term to B 1s found to be

T
o ,dA.2
Beorrection = 2Cpp @ (44)

For KTN, with a composition of 20 mole 7% KNb03, the terms in Eq. 44
are listed below. Since both c.g.s. and m.k.s. units are common in
the literature, two values are listed for each term, the first being

the c.g.s. value. The m.,k.s. system is used throughout the present

work.
T = 172°K
)
p = 6.5 g/cm3 = 6.5x103 kg/m3
Cp = 0.10 cal/g-degree = 4.18x102 joules/kg-degree
A _ -5 - 5
a1 - .29%10 ° / (degree) = 5.65x10” m/farad-degree

where the value of p was taken from data by Reisman and Banks35 and
the specific heat was assumed to be not less than 0.10 cal/g-degree.

These values give a maximum correction term

_ g . 5 4
B.orrection - 0.1x10" joule m /coul .

The correction is aboué seven percent of the value of B measured at
this composition. For most compositions studied, the correction was
much smaller. In all cases, this can be neglected since the value of
B cannot be measured to this accuracy. There is a maximum error of
approximately 2% in the value of the polarization determined from
experiment and the capacltance can be measured to an accuracy of 0.17%.

These errors cause a maximum error in B of about 107%.
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The major advantage of this low duty factor AC bilaa technique
ig that it eliminates most of the heating problems associated with
KTN. Any heating which occurs can be easily noticed by observing
the bridge unbalance signal with the bridge balanced for a null in
the region in which no pulse is applied (Fig. 4b). Since these
measurements are made in the paraelectric phase, heating will cause
the sample capacitance to decrease and this region will become un-
balanced as the pulse voltage is increased. The bridge will balance
at a lower capacitance immediately after the pulse and at a higher
capacitance just prior to the beginning of the next pulse indicating
that the sample has cooled off in the time between pulses. If the
region between pulses remains balanced upon increasing the pulse
amplitude, however, the heating is negligible.

In order to see if.the low-duty factor pulse technique gave
results consistent with the method described by Landauer, Drougard
and Young,31 the fourth-order polarization coefficient for a sample

in the (K,Na)Ta0O., system was measured using both methods. (K,Na)TaO3,

3
unlike KTN, is not heated by the bias field in the LDY method. The
values of B measured by both methods were in good agreement.

A single-polarity pulse was initially used in the polarization
dependence measurements. This was found to be unsatisfactory since
applying a single-polarity pulse to a nonlinear dielectrlc causes
the base line to shift an amount depending upon dielectric nonline-
arities, pulse height, and duty factor. This shift in the base line

will cause a DC drop across the linear capacitor and thus cause er-

rors in the calculation of the sample polarization. For this reason,
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the above technique, employing a bias pulse which is symmetric with
respect to the zero-voltage axis, was used. A problem encountered
in‘this technique was that the capacitance bridge did not null at
the same value for each pulse. It was found that by introducing a
small copper plate between the spring leaf contact and the sample
(see Fig. 7), one could cause the two pulses to null at approxi-
mately the same value. It may be that the difference in the two
pulses was initially due to a pressure gradient caused by the point
contact of the leaf spring and that the copper plate relieved this
pressure. The polarization dependence measurements were made with

this copper plate in place and the change in the capacitance caused

by each pulse differed by at most 3%.

2. Temperature Control

In measuring the polarization dependence of the dielectric con-
stant, it is necessary to measure the change in the sample capaci-
tance due only to changes in the polarization. Any small fluctuation
in the temperature will cause the sample capacitance to change since
the dielectric constant is strongly temperature dependent near the
ferroelectric transitién where the measurements are made. A change
in the temperature of one degree can result in a change of the dielec-
tric constant by as much as fifteen percent. For this reason, it is
necessary to control temperature closely. The measurements were made
with a Janis Research exchange gas type Dewar. Thermal contact between
the sample is determined by equilibrium between the power dissipated

in a heater wound around the top of the sample block, and the cooling
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rate established by the pressure of the exchange gas. In operation,
the exchange gas column is filled with an atmosphere of helium gas
and the helium reservoir filled. Then, as the sample approaches the
desired temperature, the exchange gas column is pumped down to
operating pressure.

The sample block temperature is stabilized by a Princeton
Applied Research Model 152 cryogenic temperature controller. The
first stage of the controller is a differential amplifier which
amplifies the difference between the voltage across a gallium
arsenide sensor and the set point voltage. The amplified error
signal is then applied to a second stage which contains circuitry
for the proportional, derivative and integral control functions.

The output of this stage drives a power amplifier which powers the
heater on the sample block.

The control element for the temperature controller is an un-
calibrated gallium arsenide sensor. Two additional temperature
sensors were used to determine the temperature of the sample.

For temperatures between liquid helium and 45°K, a doped germanium
sensor was used. For temperatures above 45°K, a platinum resistance
thermometer was used. The resistance of these devices was measured
with an AC bridge operating at 100 hertz. The resistances could be
determined to the nearest one-half of an ohm, which corresponds to
approximately 0.3°k. The stability of the controller is about 0.1°%k.

Using an exchange gas pressure of one atmosphere, and no heater
power, the minimum temperature which could be obtained was about

6.5°K. During the experiments, temperatures between 6.5°K and room
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temperature were us2d with jndicated exchange gas pressures between
2 and 50 microns, and maximum heater power of about 0.1 watt.

In the course of the polarization dependence measurements,
temperature fluctuations could be easily noticed as an overall in-
crease in the bridge unbalance signal since the capacitance is quite
sensitive to temperature changes. For the data reported, capacitance
fluctuations of less than 0.5 percent occurred during the measure-

ments.

3. Sample Holder

The sample holder used for both the dielectric and scattering
measurements is shown in Fig. 7, with a sample and high-voltage con-
tact in place. The holder 1is constructed from oxygen-free copper to
minimize thermal gradients. The sample sits in a square well which
extends the length of the holder. For the scattering measurements,
the only field applied was the high-frequency measuring field used
to measure the sample capacitance. In that case, the ground for the
high voltage lead was connected to the Dewar body and one of the
electroded faces of the sample was pressed against the side of the
sample well. The sampie is insulated from the back of the well by a
sapphire plate to insure maximum thermal contact and electrical
isolation. The brass leaf spring which forms the high-voltage elec-
trode is pressed between the sample and another sapphire plate which
insulates the spring from the other side of the square well.

It was necessary to isolate the sample from ground in the

polarization dependence measurements. A linear capacitor was placed
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between the sample and ground, and the voltage across the capacitor

was read from an oscilloscope. The other alternative was to place

the linear capacitor in the high-voltage lead and read the voltage

from the;scope using the differential mode which is limited in
sensitivity to 1 volt/cm. This was inadequate since the linear capaci-
tor voltage varies only from zero to one volt during the course of

each experiment. For these measurements, then, another electrode was
epoxied to a sapphire plate and placed between the sample and the
right-hand side of the sample well in Fig. 7.

The two temperature sensors are set into holes 1in the copper
block just behind the gample. They were coated with high thermal con-
ductivity paste and pressed into place. The gallium arsenide control
element is located in a hole directly behind the sample well near the

top of the sample block and is held in place with indium solder.

4, Optical and Detection Systems

The excitation source for the Raman scattering experiment was
an argon laser with power output of 150 to 209 milliwatts in the
4880 R line. The general geometrical arrangement of the scattering
experiment is shown in Fig. 8. The laser beam is refracted in two
high-index spectrometer prisms to separate the 4880 R 1line from the
nonlasing light in the argon discharge. Two slits are located in the
optical path to block this nonlasing light and keep it from entering
the sample. The beam is deflected vertically into a 5 cm focal length
microscope objective, which brings the light to a focus in the sample.

The microscope objective is mounted on a carriage which permits micro-
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meter adjustments of the three translational degrees of freedom.
Also, the Dewar mount allows small adjustments in the Dewar position
in the x,y,z directions. This arrangement allows very preclse posi-
tioning of the beam in the sample. The scattered light is observed
at a right angle with respect to the laser beam and 1s collected by
a Tektronix Fl1. 9 cameré lens. This lens 1s also mounted to allow
micrometer adjustments of the three translational degrees of freedom.
It 1s positioned so that the sample image slightly overfills the
entrance slit of the spectrometer.

The spectrometer used in the experiment was a Spex 1400
double grating spectrometer, shown schematically in Fig. 8. It con-
sists of two identical 3/4-meter Czerny-Turner spectrometers side by
side. The exit slit of the first is the entrance slit of the second.
The gratings are driven by the same lead screw. Both gratings were
1200 lines/mm, blazed at 5000 angstroms. It 1s necessary to use a
double spectrometer since the Raman modes observed occurred within one-
hundred wave numbers of the Rayleigh line. It 1is therefore essential
that the exciting line be rapidly attenuated. For a single spectro-
meter, the signal due to the Rayleigh line is attenuated with displace-
ment from the exciting wavelength reaching a value of 10—5 or 10~
times the light incident on the grating. Many of the Raman signals
are smaller than this and are therefore masked by the stray light.
For a double spectrometer, the attenuation of the Rayleigh line is much

10 or 10~

more rapid, the stray light eventually reaching levels of 10~
times the light incident on the first grating.

Since the Raman modes have frequencies of only a few wave numbers

12

il.m -wm-ﬂ
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near the transition, it 1s desirable to make observations as close
to the exciting line as possible. To do this, an arrangement was
constructed with an optical attenuator affixed to the shaft of a
solenoid. When the solenoid is activated, the attenuator moves in-
to the optical path and attenuates the laser line by a factor of
about 104. This allows the laser line to be scanned without any
damage to the phototube. As soon as the scattered radiation reaches
a tolerable level, the solenoid is deactivated and the attenuator is
removed from the opticzal path. This arrangement allows scattering to
be observed only 2 cm—1 from the laser line and also allows one to
determine the location of the excitation line with respect to the
calibration marks provided by the spectrometer.

The Raman lines observed were found to have widths of several
angstroms. A spectrometer resolution of .5 tol angstrom was, there-
fore, considered adequate in most cases. In some instances, mode
splittings of 1 X were resolved with all three spectrometer slits at
40 microns and slit height 5 mm. This setting was used for almost
all scattering measurements.

The detection system is a photon counting system. The output
flux is detected by an FW-130 phototube. The phototube signal is
amplified and the resulting pulses are counted in a Hewlett Packard
5280A Counter. The counting period is determined by external gating
circuitry and was set to be two seconds in most cases. The output of
the counter then goes to a Hewlett Packard 58lA digital-to-analog con-

verter and the output of the converter is plotted on a strip chart
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recorder. The dark count of the phototube was typically 200 counts
per second, while all mode signals were at least 3000 counts per
second. It was therefore not necessary to cool the phototube.

As was mentioned in the Raman scattering section, first-order
Raman scattering is not allowed in the cubic nonpolar phase. A tech-
nique for relaxing this selection rule, and making the soft mode
Raman-active in the cubic phase has been described by Fleury and
WOrlock.36 The method consists of applying an AC fileld to the sample
along one of the cubic axes, thus changing the symmetry of the lattice.
The scattered radiation 1s then synchronously detected in a box-car
integrator. The scattered radiation synchronous with the applied
field then corresponds to scattering by processes which are forbidden
in the cubic phase. Field induced scattering in the nonpolar phase
was observed in some crystals but, due to experimental difficulties,

most scattering was observed in the polar phases.

5. Crystal Growth and Sample Preparation

The KTN crystals were grown by the technique described by Wemple19

for KTa03. The method is a top-seeded solution growth from a melt con-

sisting of Ta205 and K2C03.

is heated to approximately 1400°K. Upon heating, the K2C03 decomposes

The melt, contained in a platinum crucible,

into KZO and CO2 leaving KZO and Ta205 in the melt. The temperature is
lowered at a rate of approximately one-half of a degree per hour and
growth begins to take place at about 1370°K. The crystal is pulled from
the melt during the growth process at a rate of one-half of a millimeter

per hour. The growth of KTN is similar to this but with Nb205 substituted



for part of the TaZOS' The growth temperature depends on the melt
composition and varies from 1372°K for KTaO3 to 1064°K for KNb03.
The phase diagram for the KTIN system has been determined by Reisman,
Triebwasser, and Holtzberg.37 In the present study, the first KTN
crystal was grown with low niobium concentration using pure KTaO3 as
the seed. Seeds from the resulting crystal were then used for the
growth of the next higher concentration, etc. Crystals were grown

in the composition range 5 to 60 mole 7% KNbO3. They were typically

of 1 to 3 cm3 volume with well developed (100) faces. The crystal
composition was determined by the volumetric method of Headridge and
Taylor.38 Then, knowing the composition of the melt, a plot of the
crystal composition versus melt composition could be constructed.
These results are shown in Fig. 9, and a description of the volu-
metric method is in the Appendix.

Samples cut from a bulk crystal contained large inhomogeneities
in their composition. Samples cut from the top and bottom of a crys-
tal, approximately one centimeter apart, were found to differ in com-
position by as much as eight mole 7 KNbO3. It was found, however,
that there was excellent homogeneity in the planes perpendicular to
the growth direction. Therefore, to minimize inhomogeneities, samples
were taken from thin plates cut perpendicular to the growth direction.
These sample plates were typically 1 cm2 in area and 2 mm thick.

The requirements for the scattering and dielectric samples were
quite different. The scattering sample had to be about 2 mm thick so

that the laser beam could be easily positioned in the sample. The di-
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electric sample, however, had to be very thin compared to the scattering
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sample so that large fields could be applied to measure the polari-
zation dependence of the dielectric constant and also to minimize
the inhomogeneities in the sample. It was therefore necessary to
cut two samples from each sample plate. The sample plates were
observed between crossed polarizers before the samples were cut.

The observations usually revealed areas of large strain and also
grain boundaries which divided the sample plate into four regions.
The dielectric and scattering samples were always cut from the same
region, taking care to avoid intersections with the grain boundaries
and the areas of strain.

It was desired to have scattering and dielectric data from the
same crystal composition. Therefore, before the sample plate was
cut, elthar the top or the bottom of the plate was chosen as the
desired composition and marked. The two samples were then cut from
the sample plate. The marked face of the scattering sample was
optically polished while the opposite face of the dielectric sample
was ground with A.0. compound No. 600 to within 0.4 mm of the marked
face. 1In the scattering experiment, the laser beam is positioned just
behind the optically polished face of the scattering sample. This in-
sures that the composition of the scattering region is the same as the
composition of the dielectric sample.

The dielectric samples were thinned by polishing with A.0. com-
pound No. 305 to approximately 0.3 mm. The area of the sample faces
was typically 6 mm2. The samples were then cleaned in acetone and
alcohol and titanium electrodes were evaporated on the two large faces.

The sides of the sample were masked from the evaporation by thin glass
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plates, approximately the same thickness as the sample. To protect
the titanium from oxidation, a layer of gold was evaporated over it
before the vacuum was broken.

The Raman scattering samples were typically 2 mm x 2 mm X 6 nm.
Since it is necessary that the scattering take place in a single
composition, the laser beam must be in the plane of homogeneity per-
pendicular to the growth direction. Therefore, the two faces of the
sample perpendicular to the growth direction were optically polished.
One of these faces coincides with the composition of the dielectric
sample as mentioned above. The two ends (2 mm x 2 mm) of the sample
were also optically polished since the laser beam enters and exits
through these two surfaces. The optical polish was achieved by first
polishing the sample with A.0. compound No. 305 to make the surfaces
flat and parallel and then polishing with Linde A for the optical
finish. The remaining two faces were polished with A.0. compound
No. 305 and electroded with titanium and gold so that capacitance
measurements could be made during the course of the scattering ex-
periment. In many cases, it was possible ﬁo cut the samples such that
two or more of the optical surfaces coincided with the natural faces

of the bulk crystal, thus eliminating most of the optical polishing.

6. Determination of Crystal Composition

Triebwasser7 found that the Curie temperature decreased almost
linearly with decreasing KNbO3 concentration in the interval 20 to 100

mole % KNbO thus providing a convenient means of determiniug the

3’
crystal composition. He did not take any data points in the region
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0 to 20 mole 7% KNb03, a region of interest in this work. Therefore

it was necessary to determine the dependence of the Curle temperature

on composition in the range of interest, O to 40 mole 7% KNbO3. For

this determination, thin plates were cut from the crystals perpendi-
cular to the growth direction so that the inhomogeneities could be
minimized. These plates were cut into two pieces, one for dielectric
measurements and the other for chemical analysis. The dielectric
samples were thinned by polishing with A.0. compound No. 305 to approxi-
mately 0.3 mm and electroded with an indium gallium alloy. The transi-
tion temperatures were then determined by measuring the dielectric con-
stant and noting the temperature at which the peaks in the dielectric
constant occurred. The other half of the sample was chemically analyzed
to determine the sample compositien. An accuracy and precision of about
+0.5% was obtained in the composition determination.

The graph of the transition temperatures versus crystal composi-
tion is shown in Fig. 10. The three lines correspond to the three
transitions in KTN. The transition temperatures become closer together
as the KNbO3 concentration is decreased until, at about 5 mole % KNb03,
there 1s only one transition observed. Below this composition, the
exact nature of the structural change is not known. The data appears
to extrapolate to a transition temperature of zero or a few degrees
below for KTa03. This is consistent with Wemple's finding that KTaO3
does not undergo a transition to a ferroelectric phase at any attainable

temperature. Data points taken in the composition range 20 to 60 mole %

KNbO3 agreed quite well with Triebwasser's results.
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IV. EXPERIMENTAL RESULTS AND DISCUSSION

1. Polarization Dependence of the Dielectric Constant

The polarization dependence of the dielectric constant of five
samples was measured. These samples contained 8.0, 19.4, 27.4,
33.2 and 38.8 mole % KNbOB. The polarization dependence of the
19.4 mole 7 KNbO3 sample is shown in Fig. 11. This plot is quite
linear with very little scatter indicating that the sixth and higher
order terms are negligible in the free energy and that the polariza-

tion dependence of the dielectric constant can be written as Eq. 18.

This data was taken at 240°K, 16°K above the paraelectric~to-ferro-

electric transition, and g‘ves a value of B equal to 3.95x108 (M.K.S.).

At least six plots similar to Fig. 11 were determined for each sample
at different temperatures. In all cases, for the samples with 8.0,

19.4 and 27.4 mole % KNbO the plots were similar to Fig. 11 with

3!

linear dependence of the inverse dielectric constant on the square

of the polarization.
The polarization dependence of the dielectric constant of the

38.8 mole 7% KNbO3 sample is shown in Fig. 12. The graph can be fitted

almost exactly with Eq. 18'. The dark circles in Fig. 12 represent

data points while the solid curve is a plot of the equation

3,2 4

L P™ + 3.44 P .

L7 42x107

+ 1.48x10°

P

Relating this equation to Eq. 18' and noting that € = KE,, one finds
B = 0.14x108 and C = 1.30x1010 (M.K.S.). This data was taken at

308°K, 6°K above the transition. Figure 12 is characteristic of the
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data for the 33.2 and 38.8 mole 7% KNbO3 samples taken at temperatures
from 5° to 15°K above the transition. Data for these two samples
taken at temperatures greater than 15°K above the transition revealed
linear dependence of the inverse dielectric constant on the square

of the polarization similar to Fig. 1l.

Data was taken at several temperatures for each sample so that
the temperature dependence of B could be determined. Figure 13 shows
the polarization dependence of the dielectric constant for the 27.4
mole % KNbO. sample taken at five different temperatures. The ordi-

3
nate of the graph is (%-— %?0, where Kq is the dielectric constant at

zero polarization. The sloge is an increasing function of temperature
indicating that B is also an increasing function of temperature. A
plot of the temperature dependence of B for this sample 1is shown in
Fig. 14. The value of B increases almost linearly over a 10° to

12°K range above the transition temperature and then saturates approxi-
mately to a constant value. This form of temperature dependence 1is
characteristic of all samples investigated. The increase of B with
temperature accounts for the fact that the polarization dependence
curves for the 33.2 and 38.8 mole 7% KNbO3 samples become linear at
higher temperatures. At temperatures near the transition for these
two compositions, the value of B is quite small and the fourth-order
polarization term in Eq. 18' dominates the polarization dependence of
the dielectric constant. This results in the nearly parabolic form
of Fig. 12. As the temperature increases, the value of B increases

and the second-order polarization term in Eq. 18' becomes so large

that the fourth-order term in that equation is negligible, thus giving

1
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linear dependence of the dielectric constant on the square of the
polarization at temperatures greater than 15°K above the transition.
1t was shown in the thermodynamic section that the order of
the transition could be determined from the value of B. This de-
termination is quite simple if B is independent of temperature.
The value of b measured at any temperature would then decide the .

order of the transition, a positive value indicating a second-order

transition and a negative value, a first-order transition. The
determination of the order of the transition is a bit more difficult
in the case of KTN since B is not independent of temperature. The
value of B may be positive when measured several degrees above the
transition but may become negative as the transition temperature 1is
approached. Therefore, in order to determine the order of the tran-
sition, it is necessary to know the value of B at the transition. In
Fig. 14 this value is 0.33x108 at Tc = 224 .0°K. Since this value is
positive, the 27.4 mole 7 KNbO3 sample has a second-order paraelectric-
to-ferroelectric phase transition.

Linear dependence of B on temperature has been reported for
BaTiO3 by Landauer, Drougard and Young.31 The value of B was found
to increase over a 30°K temperature range above the transition but

there was no saturation of the B term. Their plot of B vs. temperature

can be represented by the equation

B = 3.64x10° (T-448°K).

The linear part of the curve in Fig. 14 can be written as

B = 3.33x107 (T-217°K).
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These two equations show that the temperature dependence of B, in
the linear region, for the 27.4 mole % KNbO3 sample is about a fac-
tor of ten larger than the temperature dependence 1n BaTiO3. Temper-
ature dependence of B in KTaO3 has been reported by Wemple.21 Only
two values of B were measured, one at 4.2°K and the other at 275°K.
The value of B was found to decrease with lncreasing temperature
but the exact nature of the temperature dependence was not determined.
A plot of B vs. crystal composition is shown in Fig. 15. The
value of B plotted is the value at the paraelectric-to-ferroelectric
transition temperature. The composition at which the transition
changes from first- to second-order is seen to be 30 mole 7% KNb03.

Higher KNbO, concentrations yield negative B values and hence first-

3
order transitions while the compositions below 30 mole 7% KNbO3 glve
second-order transitions. The actual dependence of B on composition
has not been determined outside of the composition range 8.0 to

40.0 mole % KNb03, but a dashed line has been drawn to values of B
that have been published for KNb0314 and KTa03.21

The value of the critical composition found here, 30 mole 7%

KNbO differs considérably from the value reported by Triebwasser,7

3!
45 mole Z KNb03, and from the value reported by Kurtz,10 33 mole 7%
KNbO3. Neither of these values is felt to be very accurate due to

the manner in which they were determined. Triebwasser did not
determine the order of the transition from measurements of the polari-
zation dependence of the dielectric constant. He attempted to calcu-
late the value of B from Eqs. 16 and 17 of the thermodynamic section.

These equations are:
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2 e

Ptr = - B/2C (16}
2 '

B°/4C = A (Ttr - To), (17)

where Ptr is the value of the spontaneous polarization at the tran-

sition temperature, T__, B and C are defined in Eq. 9 and A' and T0

tr
are defined in Eq. 12. Solving these two equations for B, one finds

. 2
B = -24a'(T, - T )/Py . (45)

In order to evaluate B from this expression, it is necessary to
calculate the quantity A'(Ttr - To) from dielectric behavior in the
paraelectric phase and also to measure the value of the spontaneous
polarization at the transition. Triebwasser did not report any
numerical values for B because he could not get any reliable data on
the spontaneous polarization due to excessive heating of the samples
when hysteresis loops were attempted. He therefore did not use the
sign of B to determine the order of the transition but merely observed
the temperature dependence of the inverse dielectric constant. From
Eqs. 11 and 12, this temperature dependence in the paraelectric phase,

P = 0, can be written:
1/e = 2A = 2A'(T - To). (46)

Also, from the theory section, the transition temperature is equal to
the Curle-Weiss temperature, To’ for a second-order transition and is

a few degrees above it for a first-order transition. Therefore, for

a second-order transition 1/€ will be approximately zero at the transi-
tion and will be greater than zero at a first-order transition. Using

this criterion, Triebwasser reports data for only one crystal which
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shows a second-order transition. The composition of this sample was

20 mole % KNbO The next higher concentration studied contained 46

3"
mole % KNbO3 and was found to have a first-order transition. The
determination of the order of the transition using this method is not very
accurate; however, his conclusions for these two samples are probably
correct since both are located quite far from the critical composition.
The only thing that can be concluded from his findings is that the transi-
tion changes from flrst- to second-order somewhere between 20 and 46
mole 7% KNb03. The value of 45 mole 7% KNbO3 as the critical composition
seems to have no quantitative validity.

Kurtz's value of 33 mole 7% KNbO3 as the critical composition 1is
somewhat questionable since this value was extracted from only three
data points and as assumed linear dependence of B on composition. He
determined two negative values of B at compositions of 36 and 40 mole 7%
KNbO3 and used a value of B for KTaO3 determined by Kahng and Wemple.21
The value he used for KTaO3 was measured at 275°K and was 7.5 x 108
(M.K.S.). Kahng and Wemple also measured a value of about 22 x 108 at
4.2°K. This latter value would be the more appropriate one to use since
it would be the one closest to the “"transition."  If this value had been
used, and linear temperature dependence of B again assumed, a value of
approximately 36 mole 7 KNbO3 would have been determined as the critical
composition. From Fig. 15, it is evident that the assumption of linear
dependence of B on composition is incorrect. The two values of B
determined at 36 and 40 mole 7% KNbO3 agree with the data in Fig. 15.

The value of C in Eq. 18' for the 33.2 mole 7% KNbO3 samplé was approxi-

mately 1.5 x 1010 (M.K.S.) near the transition, while this value for



the 38.8 mole 7% KNbO3 sample was 1.3x1010 (M.K.S.) measured 6°K above
the transition. The value of C could not be measured accurately for
the samples in which B was large because the P2 term in Eq. 18' was
much larger than the P4 term. Chen et al.8 report a value of C
equal to 1.7x108 (M.K.S.) for a sample containing about 38 mole 7%
KNb03. Also, Triebwasser14 has calculated a value of C for KNbO3 of
0.30x1010 (M.K.S.) from measurements of the spontaneous polarization
at the transition and from the temperature dependence of the dielec-
tric constant in the paraelectric phase. Using his value for KNbO3
and the ones determined for lower concentrations of KNb03, it appears
that C decreases with composition.

From Eq. 16 in the section on thermodynamics, the spontaneous
polarization at the transition for a crystal having a first-order

transition is given by

pi - -B/2C. (16)

Using the values of B and C determined for the two first-order samples

and Eq. 16, one finds a spontaneous polarization of 4.82){10—2 (M.K.S.)

2

for the 33.2 mole % KNbO, sample and 5.88x10

3

sample. These values seem quite reasonable since the spontaneous

polarization at the transition for KNbO3 is 26)(10_2 (M.K.S.)14 and

since this polarization must decrease to zero at the critical composi-

(M.K.S.) for the 38.8 7%

70

tion, 30 mole 7% KNbO because the transition then becomes second order.

3’

Values of the spontaneous polarization at the tramsition for KTN have

not been reported.
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2. Raman Scattering Results

Raman scattering was observed in nine crystals with compositions
6.4, 8.0, 9.0, 11.0, 14.0, 19.4, 25.0, 27.4 and 33.2 mole 7% KNbO3. The
critical composition at which the order of the transition changes from
first- to second-order was determined to be 30 mole % KNbOa. Since it
was desired to study the correlation between the damping of the soft
mode and order of the phase transition, the two compositions of most
concern were 26.4% and 33.2% KNbO3.

First-order Raman scattering is not allowed in a crystal in which
each ion is at a site of inversion symmetry. This 1is the case for a
single compound crystal of the cubic perovskite structure but is not
necessarily true for a mixed crystal since inversion symmetry no longer
exists. It was found, however, that there was no first-order spectrum
in the cubic, nonpolar phase of KTN and thus the symmetry restrictions
still apply approximately to this mixed crystal system. The Raman
spectrum in the nonpolar phase is a continuous, second-order spectrum,
with broad peaks corresponding to a high density of states for two-
phonon processes.

The symmetry restriction in the cubic phase can be removed by
the method of Fleury and Worlock mentioned in the section concerning
experimental techniques. This method was used in the cubic phase of
KTN in an attempt to observe the temperature dependence of the soft
mode frequency. It was not possible, however, to determine the temper-
ature of the scattering region due to excessive heating of the sample
caused by photoconductivity. The mode profiles could, however, be ob-

served and a profile of the soft mode for the 6.4 mole % KNbO3 sample
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is shown in Fig. 16. The mode profile can be described quite well by

a classical damped harmonic oscillator function. An important observa-
tion made during the field-induced scattering measurements was that
underdamped modes in the nonpolar phase were also underdamped in the
rhombohedral phase, and overdamped modes in the nonpolar phase were over-
damped in the rhombohedral phase. Due to the experimental diffi-
culties mentioned above, the damping of the soft mode was studied in

the polar phases where the first-order Raman scattering is no longer
prohibited by symmetry.

All of the scattering data reported with the exception of Fig. 16,
was taken in the polar phase. Therefore, it was necessary to know the
symmetry of the polar phase during the scattering experiments. To do
this, the capacitance of each scattering sample was measured as a
function of temperature to determine the exact temperature of the phase
transitions. There was, however, a slight problem due to the heating
of the sample by the laser. During the experiment, an optical attenu-
ator was placed in the laser path as the excitation line was scanned.
When the scattering reached a tolerable level, the attenuator was removed
and the laser light incident on the sample caused the capacitance to de-
crease. To see the effect of this heating, the capacitance was measured

for the 11.0 mole % KNbO, sample with and without the laser. These

3
results are shown in Fig. 17. The data was taken as the sample was cooling
in both cases in order to avold the effect of thermal hysteresis. The

laser causes a maximum heating of about one degree and the effect is there-

fore not important.

The soft mode was found to be overdamped in the tetragonal and ortho-
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rhombic phases for all of the KIN crystals studied. The only under-
damped soft modes observed were in the rhombohedral phase. In this
phase, for the lower compositions, the mode was relatively narrow with
a width of approximately 20 cm_l. For temperatures well below the
lowest symmetry phase transition, the mode profile appeared to be a
single underdamped mode. As the temperature increased toward the
transition, however, the profile became quite unsymmetrical indicating
possible mode splitting. For the compositlons above 11.0 mole % KNbO3,
two modes could be resolved. The higher frequency mode was temperature
dependent and disappeared at the rhombohedral-orthorhombic transition.
The lower frequency mode showed no temperature dependence in the
rhombohedral phase. It was observable in the orthorhombic phase but

was still temperature independent. Eventually the mode peak was masked
by the intense scattering from the overdamped mode in the orthorhombic
phase. The temperature dependenceof the soft mode was observed over a
wide temperature range for several compositions. This data is shown

in Fig. 18 for the compositions 6.4, 8.0 and 9.0 mole % KNbO3. The

mode peaks were only observable to within 15 cm-l of the excitation

line so that the behavior of the mode is not known below this value.

A dashed line has been extrapolated to the temperature at which the
lowest temperature phase transition occurs. The mode frequency need not
go to zero, since the orthorhombic-rhombohedral transition must be
first-order. A considerable temperature dependence of the mode 1s ob-
served in the 6.4% KNbO3 sample. It appears that the mode is quite

"soft" at the lowest temperature transition. The mode shows less temper-

ature dependence with increasing niobium concentration where it disappears
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abruptly at the tramsition. Figure 19 shows the temperature depend-
ence of both of the resolved modes for the composition 25.0 mole 7

KNbO3. Within the limits of the experiment, the mode frequencies are
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temperature independent, but the scattering disappears abruptly at the

lowest transition temperature, which is 178°K for this composition.
The damping of the soft mode was the most important character-
istic in this study since it was desired to study the correlation

between the damping and the order of the phase transition. It was

found that the damping generally increased with increasing KNbO3 con-
centration. The mode for the 6.4% KNbO3 sample was quite narrow with
1

a width of approximately 20 cm-l, while the mode was about 65 cm

wide for the 27.47 KNbO3 sample. The modes for the 14.0 and 27.4%

KNbO3 samples are shown in Figs. 20 and 21, respectively. The peaks
in these two spectra at 120 cm-1 and 128 cm_l correspond to strong
seccnd-order scattering. It has been observed in the nonpolar phase
with no applied fields over a fifty degree temperature range and
showed no temperature dependence. This mode appears to increase in
energy with increasing KNbO3 concentration.

From the dielectric study, it was found that the critical com-
position was 30 mole % KNb03, which has a paraelectric-to-ferroelec-
tric transition at 225°K. The 27.4% KNbO3 scattering sample was the
highest temperature second-order transition observed. On the other
side of the critical composition was the 33.2% KNbO3

profile for the 27.4% KNbO3

sample. The mode

sample is shown in Fig. 21. It is heavily

damped but clearly not overdamped. In the case of the 337 sample, the

soft mode was found to be overdamped in all phases. The soft mode does
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not show a peak but appears as a broad shoulder on the excitation
line. Figure 22 shows the observed Raman spectrum in the cubic and
tetragonal phases. For compositions greater than 337 KNb03, the
scattering spectra were similar to Fig. 22.

The above observations demonstrate a strong correlation between
the damping of the mode and the thermodynamic order of the paraelec-
tric-to-ferroelectric transition. It is felt that this correlation is
not merely accidental since the soft mode in BaT103, which has a first-
order transition, is heavily overdamped while this mode is under-
damped for all compositions of the mixed crystal system (Na,K)Ta03,

which has a second-order transition for all compositions.
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V. SUMMARY AND CONCLUSIONS

The observed features of the KIN system are briefly the fol-
lowing: The order of the paraelectric-to-ferroelectric transi-
tion changes from first- to second-order at a concentration of 30
mole 7% KNbO3 with higher niobium concentration giving first-order
transitions and lower concentrations, second-order transitions.
The fourth-order polarization coefficient in the Devonshire free
energy expansion is linearly temperature dependent over a ten
to twelve degree range above the transition temperature and
saturates to a constant value at higher temperatures. The temper-
ature dependence in the linear region is about ten times that re-
ported for BaTiOS. The sixth-order polarization coefficient in the
free energy expansion gives a large contribution to the polariza-
tion dependence of the dielectric constant near the critical com-
position. The value of this coefficient appears to decrease with
increasing KNbO3 concentration. The values of the fourth- and
sixth-order polarization coefficients determined give quite reason-
able values for the spontaneous polarization at the transition
temperature. |

The ferroelectric soft mode was found to be underdamped for
compositions below 30 mole 7% KNbOB, the critical composition. Above
this concentration, the soft mode was overdamped in all phases. The
underdamped soft mode appeared only in the rhombohedral phase and
all modes in the orthorhombic and tetragonal phases were overdamped.
The soft mode in the rhombohedral phase showed a considerable temper-

ature dependence for the KTa0.94Nb0.0603 sample but showed less tem-

perature dependence with increasing niobium concentration. Near



the critical composition, the mode appears temperature independent
but disappears abruptly at the lowest transition temperature. The
mode profile in KTN can be fitted to a classical damped harmonic
oscillator function. Although a damped harmonic oscillator function
is often assumed for the line shape, this is by no means a general
feature of heavily damped modes. In the mixed crystal system

(K,Na)Ta0 the soft mode profiles were not at all well described by

30
harmonic oscillator funct:ions.6

A major accomplishment of this work was the use of a low duty
factor AC bias technique to measure the polarization dependence of
the dielectric constant. This method allowed an accurate determina-
tion of the coefficients in the free energy expansion without heating
the sample, a problem which is encountered in other techniques.

The dependence of the transition temperatures on composition
was determined for the composition range five to sixty mole percent
KNb03. It was found that the three transitions became closer to-
gether with decreasing niobium concentration and that only cne tran-
sition is observed at approximately five mole percent KNb03. The
dependence of the crystal composition on the melt composition was
also determined.

The only thing considered in the theoretical section which
could explain the change in the order of the transition is that the
sign of the coefficient of the fourth-order anharmonic term in the
ion potential change from positive to negative. It must therefore be

a function of the crystal composition. Since the only change in the

crystal is the concentration of the tantalum and niobium atoms, this
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coefficlent may be a function of the polarizability of the two ions
and the dimensions of the unit cell, the structure for KTaO3 and KNbO3
being slightly different.

Further work in this area should concentrate on a model which
will explain the observed effects. The fact that KTN is a mixed
crystal system complicates this problem. A proper treatment of the
random location of the tantalum and niobium ions must first be de-
termined. A first approximation would be to assume an average
polarizability of the center ion in the perovskite structure and apply
the Slater model to see if the observed dielectric data could be ex-
plained.

No hypothesis can be made at the present time with regard to
the correlation between the damping of the ferroelectric mode and the
order of the paraelectric-to-ferroelectric transition. An appropriate
model for the dielectric data would necessarily contain information
about the soft mode but would probably not be sufficient to explain
the damping of the mode.

The two primary goals of the experiment have been achieved:
the composition at which the order of the transition changes was de-
termined to be 30 mole % KNbO3 and a correlation between the damping

of the soft mode and the order of the transition was found.

g




APPENDIX

Chemical Analysis

The KTN samples were chemically analyzed by the volumetric
method of Headridge and Taylor.38 Briefly, the method is as
follows: Between 200 and 400 mg of sample is dissolved in HF.
The acid content of this solution is adjusted to about 0.5 M HF
and 6 M HCl. This solution, containing Nb(V) is passed through
a Jones reductor to effect reduction to Nb(ILI). This 1is
extremely sensitive to air oxidation, and the reductor effluent
is, therefore, collected in a solution of Fe(III). An amount of
Fe(II) equivalent to Nb(III) is formed. The Fe(III) formed is
then titrated with standard K2Cr 0, solution. The volume of

277

K,,Cr207 used is linearly proportional to the amount of Nb in the

original sample. Pure Nb205 was used to standardize the method.

An accuracy and precision of about +0.5% was obtained. An air-

tight polyethylene apparatus was constructed for the analysis.
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