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ABSTRACT

A new sample holder for measuring the high frequency dielectric
cohstant of ferroelectrics at high tempefature was constructed.
The new sample holder eliminated discontinuities in the slotted
line and improved the electrical contact between the ceramic and
brass corponents, |
¥easurements of the high freguency dielectric constant of an
aged sample of 90T BiFel; - 10% PbTi03 were made as a function of
terperature using the slotted line tecinique. The dissipation
fanction for the aged sample was found to have a more normal behavior
near the Curie point than the virgin samples previously measured.
Resistivity measurements were made as a function of temperature
and voltage on the solid solution of LOP BilinCg ~ 60% PbTi03. These
measurements showed that the conduction is primarily N-type and
the contacts are ohmic.
A discussion is presented which indicates that for magnetic
ions the Jahn~Teller effect may affect the stiort range forces in

the crystal which determine ferrcelectric parameters.
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I. INTRCDUCTION

[

ligh temperature measurements of the dielectric constant nay
present a problem because of the very large conduction losses in the
‘sample. The conductivity tends tc dominzte the dielectric behavior
so that the true dieleciric polarization cannot be measured except
at high freqguency. DIecause of the high conduction losses of solid
colutions with a high BiFeOB content, the dielectric béhavior of
theée samples could enly be inferred from x-rzy data on the phase
transitions prior to the work by R.T. Smith in this laboratory.

The resistivity‘of solid solution of high BiFe(Q, content is of

>

the order of ZLO6 ohm—~cm. at room temperature ond decreazses rapidly
with rising tempersture. At the Curie point (850°C), the resistivity
of these solid solutions may be as low as 10 ohm—cm. The eguivalent
circuit of the sample ﬁay be considered as a resistor in parallel
with a cap-citor (see sketch). Using this model for the sample, the
dissipation factor (loss tancent) is iaversely proportiocnal to the

frequency,

An excellent and sitrai ght forward method of measuring the dielectric

constant at high frecuencies (lower loss tangent) is to use a



coaxial wave guide and a slotted line. The sample is used as a
termination and is compared to standard short and open terminations.
There are many corrections that must be made to account for the
discontinuities in the sample holder, the attenuation of the sample
holder, and thg size and shape of the sample. These correctiops can
be made using a coﬁputer.

However, it is very difficult to use even the slotted line
technique with exceéssively high loss samnles because the voltage
minumum in the standing wave becormes excessively Liroad. It is
because of this th=t the dielectric constant of pure BiF603 cannot
be directly measured. Therefore another high frecuency method is
proposed in this theslis which measures the phase of the forward
anl reflected power directly. This method may prove to be more
satisfactory with high loss samples.

The work presented below includes high frequency dielectric
measurements made on an aged sample of G0 BiFeOy - 107 PbTi03 as
a function of tempernature, using an improved sample holder. The-
value of the dielectric constant at the transition temperature is
much lower on the aged szample and the dissipaﬁion function on the
aged sample has a more normal behavior,

The projected studies of the solid soiution series BiFnOB-
PbTiOB to determine dielectric transitions could not be made
because of the high conductivity of these samples. Imstead,
resistivity measurements were mode on a s50lid solution of 4O BilnO3-
603 PbTiOB; There were no anomalies in the region of the transition

temperature (400°C-425°C),



I1TI. LITERATURE RuVIEW

A, GENgRAL FRCOPURTILS OF FERROEIEZCTRIC CRYSTALS

A ferroelectric crystal is defined as a crystal which has a
spontaneous eleciric dipole moment, Also, in parallel to the
ferromagnetic case, the ferrcelectric cfystal has a characteristic
transition tempergture, or Curie point above which the ferroelectric
vroperties do not exist. It has been shown by Smith et al. 1 that
the Curie point is about 850°C for BiFeO3. This was done by extrspolating
the Curie point of various solid solutions of BiFeOB-—PbTiO3 to the case

of 1007 RBiFeO,.

3
There are necessary and sufficent conditions for the phenomenon of
2
ferroelectricity ( )’£3)’(4). A necessary condition is that the

crystal belongs to a pyroelectric point group. Of the thirty~two
point groups, twenty do'not have a center of syrmetry. Of these
twenty, ten are polar or pyroelectric. The ferroelectric crystals
are a subgroup of the pyroelectric group. According to modern theories
of degenerate accustical and optical -phonon mbdes, there may be no
significant difference between a pyroelectric and ferroelectric crystal.
A sufficient condition for a ferroelectric crystal is that it
exnibit a dieléct?ic hysteresis loop.
Ferroeclectric crystals exnibit a Curie point, above which the

dielectric constant follows a Curie-Weiss behavior,

= —— - o (1)



C is the Curie ccnstént, Te 1s the Curie temperature, znd T is the
temperature. This relatiocnship is found to hold to within a few
degrees of the Curie point. |
(1) THE PCLARIZATION CATASTROPHE

The occurerce of ferroelectiricity can be descriied by the
polarization catastrophe, which occurs when the local field becomes
infinite., This implies that there is a net polarization witnout an

applied field, In M-¥K-S units the local field can be written

£;0Cﬂ(. = gﬂﬁcléo + )A'D.) (2}

where Y' is purely a microscopic cormstmnt, analogous to a structure
factor. The local field is nol constant at each atomic site, thus
xr can\ have difr eren.t values at different atomic sites. By using
the same argument, even though the nean value of the polarization
(and local field) is zero over the unit cell, this does not imply
that the local field is zero at each atomic site.(sl(é)l_,et P be ‘ol';e

dipole moment at the atom, p = S E . Then:
Pz‘ozﬁu,: ; /V(—d(, 5;:49“‘-
=2 Mo [E+ 3R f )

= %M‘%—//* i;:@/l:" :



dssume: > )9?2"=;ygét >

o

~ .- Yz
(I A (/+Ji?@_9

=
(4)
S AL A
(= N
Now the dieclectiric constanteé is defined
D _ &ELP e+ .
c=F = = E ; (5)
Substitution from ecuation (4)
S/«("(G‘ (6)

\ ég.—‘ﬁO:;L'/T*XTESXQZE{E
The diclectric constant becomes indeterminate as )1§§”J;’Q;
approaches unity. Since é"=t§%5 » an infinite value of the dielectric
constant implies a net polarization. Experimentally, the dielectric
constant becomes very large, but not infinite,

Slater (7) proposes that the reason for the polarization
catastrophe is that « is a slowly decrersing function with temperature,

He assumes that it has a value greater than unity below the Curie

point. In other words, WSM& would be of the form

NS A [T - )



Then

| [/ —c(T=72)
E—€é, = — .
bf‘ [/—~/-+ e(r=1)}

[ — C(T=7) (&)

Me(7=72)

("'2) THF DISSIPATION FACTOR

Suprose the applied field is periocdiec

E;?PR’-/&D = E-; @OS(w‘é) ° (9

If the field has been apilied for a sufficiently long time, then
one can assume that the displacement vector is also periodic in

time, but not necesrarily in phase with £

D =D, C’,Os(&)f‘-5>
(10)
=D cos (wi) dos (5) + Do sin () SM(S) .

_ Therefores :
D=1 cos(wf) + Dy g fet) - Q)

For homogeneous, isolropic samples

D= e, (/+7<E)E=r K & E . (12)



One can introduce the relationships

= K é E, ip_ /{(w)é | (13)
D, D, sm c§> TACON

— =

B p.s.
T T Deesl® Ko o

Tan§ is called the loss tangent, and is associated with the power

dissipated by the sample. (8)

B. PHOFONS IN FLRACHILCTRIC CRYSTALS
“uppose that the iocns in a lattice undergo only sinall
displacemrents., IT Qk is the charge on ion K znd Qut is the charge

on i1on K' then a potential between the ions may be writtien

= @ Q/Cf][’(pkk‘) P (15)

where Dkk' is the distance between lattice sites, and f is any

function of Dy . If ion K is displiced a distance . from the
lattice site, and ion X' is displaced uk' then the potential is

AN

of the form

V= @ Qe f Qe+t~
R Lo (+ ‘45:_%9) (16)

= QuQeuer (1+ aijk)

/



Expznding this in a Taylor's serifes:

V(i ) = Qo fl) « L Qo L?
17

L(L ‘—uk( 2
DKA:'

«
Qo £, - - -

The force between the lons is the first derivative in the expansion:

@K@kl (at..a. ) . (18)

4 kk’ -A- kkl DKK'

This is the harmonic oscillator aprroximation,

Cochran (9) mes that there is an harmonic oscillator
interaction between the ions, and between the outer s‘e1ls of the
jons. Thus there are three types of interzctions: core-core,
core-shell, and shell-shell., He Eﬁrﬁﬁer assumes that only the
outer shells of the negative ions interact zs a separate unit.
This is equivalent to saying theat the positive ions have a noble
g as. configuration and the outer shell is tightly bound to the
nucieus., This is not true for the perovskites BiFeOB and BiMnOB.
The adiabatic or Born—Oppenheimer,gpproximation is assumed to
nold: the Eamiltiorien can be split into a nuclear and electronic
Hamiltonian. The outer shell of the negative ion is assumed to
have an effective msss, reducing the 1ntezact1vn between the
negative ion shell and the negative ion core to a proﬁlem.which

is the same type as the classicnrl hydrogen atom:

Vd
L iz, LEP . Re” (19)
£ =g T THNF \y :



The shell-core interaction is thus of the same form zs the Ion-lon

interaction
e 2%y, (20

slthough this appreoach does not have any anharmonic terms,

it trests the outer shell as a serarate particle, and gives the
same znswer ' =S an ap;roach using energ: perturbation and dipole
(10)

morents.

Summing over all the atoms in the crystal

F 2_ Cr D Lo (1w —tlpe) | (21)

AEAl Dcrct

Cne assumes 2z solution of the form

C ”/wf+c)t¢<’d_
£

L = c €

4s an example suppose that there are Lx«o atoms per unit cell of

mass k1 and M, and only nearest neighbor interactions 2re considered:

2

c/z

Fe = /%cﬁz = Cltpu, * Uumt ~2a )

(22)

c/QZk’_, '
;_7</ = /x{z 2‘&'{" b C(&Hz‘{'a/("‘za.kq—;)

These may be solved similtaneously:

TWAY {515.2_.@2:7 z (23
W = (:(;4 M2 * (llk;%'+/”z) LA -
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The roots are, for K—=0, K= %&=

Y.
wr= 2¢ (,q/ 4 ) 5 (optical branch)

Wt = /ZZ;'%TQ"; AZa®. ( acousticel branch)

This is the linear chain solution, which appears in Kittel (11),

However, if both long range and short range forces zre considered,
it is possible for the long and short range forces to cancel for a
particular phonon mode, Cochrezn asserts that this instability is the
cause.of ferroelectric behavior. Some of the assumptions of this
argument are that the phonons are pure transverse and pure longitudinal
and that the wave vector is in a symmetry direction. There are 3n
possible phéonons, where n is the number of ntoms in the unit cell,
3 acoustical phonons.and 3n-3 optical phonons. Since the perovskite
structure has 5 atoms per unit cell, this imﬁlies 15 phonon modes.
However, below the Curie point there are two oxygen ions with identical
environments so there are only twelve non—degenérate phonon modes.
AboveAthe Curie point all oxygen ions are identical; so there are
only nine non-degenerate phonon modes. For BaTiOB the oxygen octahedra
apprears to be undistorted in the transition. (12) This implies that
there is strong covalent bonding between the oxygen ions since there
are different effective fields at the itype 1 oxygen ions and tyfe 11

oxygen ions.

C. THERMODYNAMIC THEORIES OF FZRROELTCTRICLTY

There are several thermedynamic theories of ferroelectricity



based on the second order phase transition. Classicall the second

-
order phase transition is chraracterized by 2z discontinuity in the
second derivative of the Gitbs free energy wnile the first order
transition is disoontinuous in the Uirst derivative of the Gibbs
free energy. Ferroelectri; transitions may be of either the first
or second order. (Ferromegmetic transitions are second orden)
llowever, there 1s & real question as to whether there is any sharp
delineation between Tir ’t end s=cond order transitions, or whether
it is just a case of the relative magnitudes of the lmportant
factors,

A second order paasé transition implies a grzdual chenge
betweer; phases. It is a transition in which there is a
continuum of phases between the initial snd final phase.

C. Haas(;B)'enumerates the symmetry conditions above =nd
below the transition temperature necessary for a traznsition to
- be second order. )

The first condition is that the less symmetric point group
is a subgroup of the more symmetric point group. If Po(¥)-is
a density function representing the full symmetry of the crystal
in the point group Go(¥) then Po(¥) is an invariant. If the
transition to ancther point group G(r) lowers the symmetry,
thenﬂ?(r)::?o{r)- AF(r). f(r} is a subgroup of P,(r) and

therefdre can:iol heve symietry operations not in Po(r).

The second condition is that AT(r) is an irreducible
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representation leaving Po(r) invariant.

The third condition (due to Landau) is that all odd powers
vanish in an expansion of £he free energy of crystal. If the
free energy is expanded in terms of some variéble it is of the

form (1)

Bly) = ¢a + o %2 +ﬁ764+ A T (21)

Goldrich and Berman (15) imploy the idea of Haas in connection
\

with the perovskite structure. Using the Gibbs function as an
eprropriate density function they state that it must span the
higher energy symmetry group G,. It is invariznt under irner
products of the type L&/€>. OQOne assumes that G,is a .subgroup of
G, =nd Gyt is a subgroup of G,. In othewaords, Gy can contain
only symretry operations that G, contains. If it contains all the
synmetry operations it is a btrivial subgroup (juét the group Gg).
Gy' cen contsin only symmetry operations in Gy. If a density
function r(1) is invariant under s éroup it must also be invariant
under a subgroup. If a second order transition does imply a
gradual change between phases then the transition would go from
Go to G to Gi', where Gb and Gl’ are {stable) space groups.
‘Because the Gibbs free energy is a scalar invariant in a transition
(it must be equal in both phases at the transition temperature),
the tranzition will gradu=zlly go from the group G, to the largest

subgroup, Gp and will be stable. It will not go to Gi'. Thus
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Goldrich and Berman are able to list the possible transitions from

any glven space group by considering only the largest subgroups.
The best known theory of ferroelectricity is that by . -

Devonshire (16>’(17)’(18).

can be expanded using the polarization zs a variable. If the

transition is second order, then the coefficients for the odd

powers are zero and

C =G, +4a(R%R+P")
+46(R1+E"+R7) (25)

+ 4 PR+ RRA+BR) +... .

By assuming that the sponteneous polarization is in only one

direction, then the equation reduces to

G - Gt bt P o PPt sP

It is assumed that<¥'and.§ are always positive, while y‘may
be positive or negative. If § is negative the transition is
first order, and if it is positive it is second order. (19)

The electric field is given by

£= 38 =xP+}yP3+ 3P ¢ .. 27

He assumes that the Gibbs free energy
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If this is equated to Zero, then the spontaneous polarization is (20)
/ .
_ ¥ 4 %
— i _ FS5x\’2 .
)
. 45..( Z
e [E[0-295 3% o

The Gibbs frec energy is not as simple a function as it at
first seems. The Gibbs free energy, or the potential 55 defined
as the Gibbs free energy per mole, is much more ccmplex. It is
a function of the mechanical stress, mechanical strain, the
electric field, and the polarizztion. Also to be considered are
crystals which contain some type of magnetic ordering (ferromagnetic
or antiferromagnetic) mnking the potential a function of the
magnetic field and magnetization. Thus G is a function of at
least six variables: G —> G{x, X, E,B }ibd) The first assumption
is that there is no mechsanical strain nor stress., This is not a
trivial assuﬁétion since stress and strzin are tensors.and are
a function of the fabricaetion of the crystzl as well as the applied
stresses, (21) |

The assumption that the crystal may be expanded in even powers
of the polarizetion and magnetizaticon is thé same as assgming the

function is symmetric about the origin in P-M space:

BEMy= P(BM)= P(B-M = PEP~D



This assumption iIs only valid for those difections in the
crystal which have mirror symmetry, for exsmple along the three
ares 8, 3,‘8 in the cubic crystal. In general, the crystal
czmnot be anistropic. Following the paper by G.,A. Smolenskii (22)

the expansion of Gibbs energy is

Gt P) = Gy + =P+ £ P~ PE
(28)
e g M P

The solution is at an extrermum (equilibrium condition) when

(35), =2, (Sa)re- @

In order for this toc be a minimumn, the second derivatives must

be greabter Lheon zero. (23)

Z -~ 2
*G | 4 D*G %5% 5’;‘5%\«
QP‘Z ) QMZ >0, e Yo >O. (30)
JPOM Q2%

16

Calculating the first derivatives (with no applied field) and setting

them to zero yields

[ erormtle =,
(31)
[9(7+p’/'42+ rplm=o .
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If thé trivial solutions A =0, M= are ignored, these

equations may be solved

o — YM* |
#

2 =Pt
M= T

There are three regions of interest, namely

PE=
(32)

(Srolenskii assumes that &, <6, but this is not the case with
BlPeOB)
For Oun<T<o, , M=0, PZO -
e £ P
G = Gs +xP + Z P ==
which is the standard expansion for a ferroelectric crystal, and
is the basis of the approach of Devonshire's treatment of barium
titenate (F8)5(17) | The solution to .the differential equations is
— o :
P*= TS - (34)
( s |

For 7 € &, < &, , the result is equation (32).

D. THZ PERCVSKITE STRUCTURE

An outstanding exarple of the perovskite-type ferroelectrics
is barium titenate, BaTiCs. Barium titanate has the cubic
perovskite structure sbove the Curie point (120°C) and tetragonal

verovskite structure in the ferrocelectric phase.



The theories of the previous two sections are very difficult
to apply to anything but the simplest crystal structures because

of summations of the form of equation (21), i. e.

/Z:z: = § Ce %:f:d(“k ~Upe) -

Thus Cochran's theory cen only be easily applied.to the (cubic)
perovskite structure, the simplest ferroelectric structure. The
forﬁula for the perovskjte structure is ABO,, where A and B are
transition mmetals, The A ion is the lsrger ion and cccupies the
corners of the cubic unit cell, The B ion is in the center of

the cube, and the oxygen ions occupy the frces of the cube. If
the lattice is displaced so that the A ion is at the center of the
cube, then the B ion is at the corners, =znd the oxygen ions are

at the center of the twelve cube edges. The perovskite stiructure

is shown in Figure 2,

18
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Figure 2

‘ The Perovskite Structure

® A Cation
B Cation

O Oxyvegen Anion

(a) B Cation at Body Center Site

(b) A €ation at Body Center Site
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ITI. APPARATUS

The apparatus for the high frequency dielectric measurements
is besically the same as that described by R.T. Smith.(zh) The
apparstus consists of a verticzlly mounted slotted line terminated
with a ceramic coaxial sample holder. The signal sensed by the
probe of the slotted 1iné is mixed with a local oscillator signal,
producing a 30 megahertz beat frequency signal which is amplified
on an I-f strip. By comparing the position of the minimﬁmkand the
+ Zdb points of the sample with the positions and ¥3i}p points of
the open and short circuit terminations, the impedaﬁce of the
sample can be determined. By using a computer program, the real - -
and imaginary dielectric constants are determined as a function of
temperature,

Important corrections are due to the zttenuation of the
sample holder and discontinuities between the sample holder and
the slotted line. The attenuation corrections are due primarly
to the resistance of the fire-on platinum-gold conductive paste
on the ceramic holder. However there were discontinuities in the
0ld sample holder due to the differences in diameters of the outer
and inner conductors. The outer conductor of the samplevholder
was ,089 cm. larger than that of the slotted line. This caused
additional reflections. Also, the old sample holder was extruded
and not machined, so that the surface was rough. A new sample

holder was made using precision ground Mullite MV-30 ceramic
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inner and outer conductors (by ¥cDanel) and precision brass tubing

from General Radio Co. All parts of the sample holder were milled

to within ,Q01L", A1l brass parits were silver plated prior to final

assembly to improve conductivity. Thenew smple holder resulted.in

the following improvements:

1. Elimination of discontinuities due to a change in diameter of
outer and inner conductors and non-uniformities caused by surface

imperfections in the extruded ceramic.

2. Improved electrical contact between the ceramic center-~conductor
znd brass center conductor,

3. Improved design of the termination which allowed the thermocouple
to be placed within 0.3 inches from the sample,

A practical improvement was that iarge fins were rilled into the
quter conductor for more efficient cooling ocutside the furnace.

Using the slotted line techniue it is very difrlicult to get
accurate data when the sample is very lossy (as in the csse of bismath
ferrate)., The reason is that i% is difficult to measure precisely
the éosition.of the voltage minimum. 4In ?he error analysis by
R.T. Smith (25) the maxirum error in the dielectric constant was
20% =2nd in the dissipation factor 25%. The residual standing wave
ratio of his sample holder was

R =/(log.

The residual strnding wave ratio of the improved sample holder is

A=/02i

The residual st-nding wave ratia of an ideal sample holder is

R=14
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The sample may be considered as a capacitor either in series
or in parallel with a resistor. Thus any geometrical change of the
sample would at most add a capacitor in series with the sample
and would not improve the problem of the conduction loss term masking
the dielsctric constant.

Another method is to use a phase comparison method which measurés
the change of phase directly. This may require going to higher
frequencies than are now used, bult this method may be the only soluticn
to the meésurement of high loss samples. The method consists of |
measuring the phase of the forwsrd power and comparing it to the
phase of the reflected power. The phase change is compared to that
of the open circuit and short circuit terminations.

Block Aiagrams of the slotted line circuit and the phase

comparison circuilt are shown in figures 4 and 5.



Figure 3

Block Diagram of Slotted Line Apparatus
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Figure A

Block Diagram of Proposed Fhase Comparison Apparatus
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1V. UXPERIMENTAL RESULTS AND CONCLUSIONS

8. BiFeO3—PbTiO3

Neasurements on the BiFeO3-PbTiO3 binary'system were made with
an improved sample holder on samples aged about six months. 1In the
measurements by R.T. Smith (Zé)on the Q0% BiFeOB samplg, the
imzginary part of the dielectiric constant increased uniformly in the
region 700°C-800°C while the real part approached a maximum. The
total absorbed energy is usually nearly constant as a function of
temperature for a small range in‘temperature. Thus one would expect
that for a large increase in the real part of the dielectric constant
there would be a corresponding decrease in the imaginary component,
In the measurement on the aged sample the expected drop in the dissi-~
pation function occurs {see figure 5). The relative dielectric
constant at thé Curie point is 900 for the aged sample compared to

1700 for the virgin sample, This may be due to a valency change in

the Fe3+ ion (see figure 6).

B. BiMh03~PbTiOB

The original intention was to measure the Curie points of this
system at high freguency using the slotted line technique. The
sample was found to be too conductive., Therefore resistivity
measurements were made on a solid solution of LOZE Biﬁn03~ 60% PbTi0z.
The sample was two phase, containing both the cubic znd tefragonal

phases. By determinins the direction of the thermoelectric effect

(sign of the Secbeck coefficient), the conduction was found to be
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primaerily N-~type. The sample showed no znomalies near or above the
transition temperature. The contacte are ohmic, even when a pointed
5 rdil tungsten wire is used as a contact. Graphs cof resistance as
a function of temperature and applied voltapge are shown in figures
7, 8, and G,

The BilnO3~PbTi0g binary system is described in a paper by Bokov

(27)

et al, fccording to them, in the region from 55%~1C0% FbTiO3 the
system is tetragonnl below the Curie temperature, isomorphié with
pure PbTiOB. In the region of 359-55¢ Lhe system is cubic and in the
region from 15%-35% PbTiOB, the system is orthorhombic,

They were unable to make single phase solutions with compositions
above 857 BilnO3. In the samples prepared at the UMR Materials
Research Center, it was found that the contaminant is BiQMhaOlO' No-
method for removing the contaminant has yet been found, |

from the data of Bokov, several conclusions may be tentatively
drawn., First, the orthorhombic phase may be isomprpbic with pure
BiMnOg, by comparison with other phase diagrams of perovskiﬁes.
Secondly, BiM'nO3 may have a very high transition temperature, in the
region of 900°C, higher than the transition temperaturé of BiFeQB;
ﬁowever, from the_samples prepared at UMR }aterials Research Center,
there is indication that the region that Bokov considers orthorhombie
may actually be two phliase,

(28).and

There has been some work on pure BiH%OB. Both Bokov et al.

Sugawara‘gg_gé.(zg) agree that the distance between the manganese

§
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Figure 8
BESISTANGE AS A FUNCTION
OF RECIPROCAL TEMPERATURE
(4O% Bil¥nO3 ~ 60% PbTiO3)
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Figure 9
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Figure 10
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ions is 3.933 in the & direction and 3.98& in the‘g direction., They

both report that the unit cell is triclinic. Sugawara assigned

fifteen lines of his x-ray analysis to the (1,1,1), (2,0,0), (2,1,1),

and (2,2,0) pesks of the trielinic structﬁre. iowever, due to the
complexity of the triclinic structure it is doubtful whether fiftcen
lines are sufficient to conclude that the structure is actually triclinic,
or even if the.sample is single ph=se. Ruoth (30) indicates in his

paper that by using the hard sphere modei the structure would probably

be of the TizO3 form and not single phase. Bokov indicates that

BidMnO has a multiple unit cell, #hile Sugaviara staltes that the
superstructure'is negligivle. Sugowara assumes thal the space group

is monoclinic and by the extinciion rules climinstes all but three
pessible space groups, Cn%, 03, C%’ ‘Two of these are non-centrosymmebric

and one 1is centrosymmetric.

C. THE JAHN-TELLER BFFECT

The Jahn-Taller effect is the slight displacement of the
potential minimum of an ion from the lattice site duve to a‘lack
of symmetry of the electronic wave function. There is a possibility
that the Jahn-Teller effect may play an important fole in the
perovskites BiFe0O, and BiHnOB. An ion like Tih*-with a noble gas

electron configuration has a potential well of the form:

V)= Vo +AxZe Bx3+ Cx....
‘ .

However, for a ion like Fe~ with a non-symmetric electron structure.

(35)
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the nuclear coordinztes for a potentiazl miniimum may not be in the
center of the oxypgen octahedra. The potentizl well for Fe3* or
3+ .

M will probably be distorted zandi may have a harrier in the center.
The theory of Cochran is.that the long range and short range

forces cancel for a parvicular optical phonon mode, camsing a

ferroelectric transition. The salient point of this theory is that

the ferroelectric transition is definitely a coupled behavior, Above

the transition temperature the spontaneous polarization is zero, and

below that temperature the spontaneous polarization is a finite nusber.
For the Jzaln-Teller effect, the ferrocelectric transition would

be an uncoupled behavior. As the temperature (cnergy) increeses,

FR ) ﬁ3’+ '31" s 4 £ L03 '

the TFe or Im ion would jump between states. At a sufficently

S, ] 1. 1L 2. " = )
high temperature the maxirum probability of x would be at the center

of the well. Thus onc would expect to see a washing out of the
I .

"

polarization as the temperature is ingreased.' Since the transition
would hot be complete until the spontaneous polarization is zero, a

very broad pesk in the dielectric constent would be expected. TFor

any - appreciable barrier the probabiliiy of~observing the nucleus

would not be a maximum at the center except for very high temperatures.
Thus two experimental criteria for a Jahn-~Teller ferroelectric transition

arez:

1. The pesk should be very broad, since the polarization is a
monotomically decreasing function.

2. The transition temmerature should be very high so that Pr(X) is
a maximum at the center of the well.

These criteria are fulfilled by solid solutions of BiFeO3. Trom the data
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(a) The Proposed One-Dimensional Jahn—-Teller Potential
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Figure 12
BireCr~PbTi0q Binary System
Relative Dielectric Constant
As a Tunction of Temperature

(after Smith)
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by smith(3225033) (oo £iure 12), the Curie point for pure BiFeOq
extrapolates tO'BBOOC. The peak for solid solutions tecomes much
broader as the mole—percenp content of BiFeOB is increased. The
805 EiFeOB~20ﬁPbTi03 and 9O%BiF¢O3-lOﬁPbTi03 curves indicate a
very diffuse peak. Thus the first criterion is also fulfilled.

The Jahn-Teller effect implies much more complex short range
forces than proposed in the théory‘by Cochran. The relative importance
of the Jahn-Teller effect in the ferroelectric transition of BiFegi

can be determined by infrared spectroscopy or by the Mossbauer effect,
If there is a soft phonon mode, then one should expect the resonant
"absorbtion peak of the }ossbauer effect to decrease as the phonon
freguency lowers.(Bh) If there is no soft phonbn mode, then the effect
would decrease asefég where © 1is the Debye temperabufe.

B.E. Havinga(35)has also proposed the Jahn-Teller effect for
Mhsﬁ, However, he claims that the Jahn -Teller effect distorts the
oxygen octshedra aﬁd is a cooperative effect. He also states that
the Jahn-Teller effect is very unfavorable to ferroelectricity. In
contrast, tﬁe theory presented here has the assumption that the wave
function for the outérvelectrons of the Fe3 or b‘3+may'not assume
the symmetry required by the oxygen octahedra, whose bonds to the
central ion are assumed to be partially covalent in character and
therefore rather rigid. This means that the least energy configuration
for the FeBEr Nh3+ion would be slightly displaced {rom the center,
which leads to the Jahn-Teller effect. The Jehn~Teller effect is

uncoupled, and changes the nature of the short range forces in

the crystal.
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