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ABSTRACT
The Mossbauer Effect was used to measure the phase
transitions in the following ferroelectric compounds:

95% PbZr Ti 0, - 5% BiFel

0.8770.273

95% PbZr0.7T10.303 - 5% BlFeO3

and in the antiferroelectric compound:

3

95% PbZrO3 - 5% BiFeOa.
The parameters obtained were the area under the resonance
peak, the isomer shift, and the electric quadrupole
splitting, all as a function of temperature. The ionicity,
electric field gradient, and Debye temperature were
determined for room temperature.

The data are discussed in terms of the lattice
vibration model of ferroelectrics and antiferroelectrics,
and the structural phase transitions as recently defined
for these compounds. The ionicity is determined and
discussed in relation to crystal distortion and Curie
temperature. The electric field gradient is related to
the relative polarizations of the different samples. A
discussion of the mixture of charge states in the A and
the B ion sites of the perovskite structure, and the

oxygen defect problem in these compounds, completes the

discussion.
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I. INTRODUCTION

The current theory of ferrocelectricity requires an
anomalous lowering of the frequency of certain lattice
modes near the phase change from the paraelectric to the
ferroelectric region of crystal symmetry. The experimental
determination of these lattice modes and their behavior
with temperature usually requires large single crystals
for neutron scattering or infrared measurements. Signifi-
cant data of this sort are available only for a few
ferroelectrics such as barium titanate (BaTiOs), and
strontium titanate (SrTi0j).

It has been suggested that the Mossbauer effect should
be able to determine the presence of temperature dependent
lattice modes in ferroelectrics by displaying a decreased
recoilless absorpfion at the Curie temperature due to the
lattice mode softening at the Brillouin zone center
[k = (dOO)]. The suggested effect has been obseryed in
barium titanate and a few othér compounds with varying
success. It was also suggested that antiferroeleétrics
should resemble ferrocelectrics in displaying decreased
recoilless absorption at the Curie temperature, but that
the decrease could be much larger in magnitude. The lattice
mode should soften at the edge of the Brillouin zone, but
may be quite low for the whole zone.

The object of this experiment was to study the Mossbauer

effect in an antiferroelectric and in related ferroelectrics.



A set of three compounds of high lead zirconate content in
the lead zirconate-lead titanate-bismuth ferrate ternary °
system were chosen to compare the ferroelectric
rhombohedral-cubic phase transition and the antiferroelectric
orthorhombic-cubic phase transition,using Mossbauer
spectroscopy as a diagnostic tool.

The literature survey discusses the basics of the
Mossbauer effect, ferroelectricity, antiferroelectricity,
the perovskite structure, the above ternary system, and
the Mossbauer effect in ferroelectrics. |

The experimental section discusses the parameters
obtained in Mossbauer effect studies and the apparatus
needed to perform the experiment. The data are presented

and discussed with conclusions in the final section.:



IT. LITERATURE SURVEY
A. THE MOSSBAUER EFFECT.

Rudolf Mossbauer!?? discovered in 1958 that the
resonance absorption in iridium 191 apparently increased at
low temperatures. This was contrary to the expectation
that the resonance overlap should decrease as the thermal
broadening of the linewidth decreased. Mossbauer's
explanafion, based on the results of Lamb?® for neutron
capture in crystals, was that the gamma rays were being
resonantly absorbed and emitted wifhout recoll by the
nucleus. This process allows the energy of the emitted
gamma ray to overlap the absorption energy level without the
need for thermal broadening or large Doppler shifts.”

The Nobel prize in Physics was awarded to Mossbauer in
1962 for this discovery, which vastly improved the state of
the art in the nuclear resonance absorption of gamma rays.
The effeét is capable of resolving energy to one part in

ll; and measures hyperfine interactions of the nuclear

10
spin to an accuracy of 1078 electron volts (ev), using gamma
rays of energies between 10 and 100 kev. The correct

explanation of the effect requires quantum theory, but semi-
classical models are often used to explain the basic details
of the'effect. Lipkin® has derived a sum rule for the

interaction of a gamma ray with a quantized crystal lattice:

ﬁimnf) - E(n;)1.P(ng,n;) =§§Jﬁ = R )

where Nesny represent the final and initial states of the



lattice,
E(n) is the energy of the nth state,
P(nf,ni) is the probability of transition between
the states,
is Planck's constant divided by 2w,

is the wave vector for the gamma ray,

is the mass of the absorbing nucleus,

2 I S e |

is the recoil energy imparted to the lattice.

Since no terms for transitionless absorption appear in
the sum, the sum of the probabilities on the left side of
the equation can be less then unity. The difference from
unity determines the probability for a recoilless process.
The total probability must be unity. Recoilless emission,
in general, can be achieved if the gamma ray energy lies in
a range where the recoil energy, R, is comparable to the
lattice vibration energy levels.

The conservation of energy requirement is satisfied by
the above rule, but it is not immediately apparent how the
conservation of momentum occurs. It is found that the recoil
momentum is capable of being transferred to the whole lattice
rather than being taken up by a single atom. The probability

of such a transfer is given by:
P(ngsn;) = [<nf[exp( -i?-?)lni>]2 (2)

where X is the displacement of the atom. This expression
can be evaluated to give the Lamb - Mossbauer factor, f,

given as:



-2W

£ e . (3)

Here W = k%<x2?> ()
and 1s the Debye-Waller factor, common in X-ray dif-
fraction. A more elaborate evaluation, using the Debye

model,® gives:

We 2R+ G2 0 () (5)
B D D D
where kB is Boltzmann's constant,

6, 1s the Debye temperature,

D
T is the absolute temperature,
¢ is the Debye integral related to the Riemann Zeta
functions.’ From this relationship, we can see that the

recoil free fraction, f, will increase with 6 The vari-

D'
ation of f with temperature for different Debye tempera-~
tures is given in figure 1.

The linewidth bf the resonance line is unaffected by
usual broadenings and is usually quite ciose to the natural

linewidth. The Heisenberg uncertainty principle can be

used to find tﬂe natural linewidth as follows:

_h
T =7 (6)
where T 1is the full linewidth at half maximum,
T 1is the mean life of the excited state of the
nucleus.

The mean life is related to the half 1life by:

T:m (7)
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The cross section for the transition is given by
‘ . (2IB+1) r
OO = 271X -(-Q—I—El—)- iy (8)

where X = 233 is the wavelength of the radiation,

4 is the cross section,
IB,IA are the nuclear spins for the excited and
grodnd states,
PY is the iinewidth for gamma ray absorption, and
I is the linewidth for the total transition.
For resonance absorption,'the cross-section is multiplied

by the line shape function, given by the Bfeit—Wigner or

Lorentzian form:

= fo

Ty o (9)

1
17,E = E ¥
*Crr2)

where E, is the transition energy,
Ty is the Mossbauer cross section.

The theory is developed by Abragam® (in French), Boyle
and Hall,® and Danon.}®

The Mossbauer effect gives us three basic parameters:
the energy E, linewidth T', and intensity f. The energy
level resonant with the y-ray of energy EO can be shifted
and/or split'into several different levels due to hyperfine
interactions, and relativistic effects. The hyperfine

interactions will be discussed later. The relativistic

effects include the gravitational red shift of the



! and the thermal motion of the atoms (considered as

y-ray,*
a second order Doppler shift).

The linewidth, besides being a measure of the lifetime
of the nuclear states, is affected by.relaxation effects
resulting from phase transitions, spin exchange and atomic
motion. These cause a broadening of the linewidth. The
linevidth has been narrowed by using coincidence Mossbauer
spectroscopy.'? The apparent life time of the excited state
is increased by discriminating against the gamma rays
emitted within the first few lifetimes. |

The intensity of absorption, or the Mossbauer fractiop
f, has been shown to be dependent on the vibrational energy
of the lattice through the Debye-Waller Factor. It can be
affected by the lattice symmetry.

Gonser!?® has reviewed experimental examples of many of
these effects observed in solid state materials. The
interactions that apply to the interpretation of the results
of this experiment and to the consideration of ferro-
electricity, will be discussed. later.

B. TFERROELECTRICITY .

- A ferroelectric crystal may be defined as having
reversible electric polarizatién. This can be demonstrated
by generating hysteresis loops, using a Sawyer-Tower |
Circuit.!* Since the polarization is due to position of

ionic charges within the crystal lattice, symmetry conditions

can be impdsed for ferrcelectricity. The crystal must be



polar and noncentrosymmetric to show a dipole moment along
a specific direction®* but the presence of a moment does not
imply reversibility.

Ferroelectrics are characterized by a large dielectric
constant, which becomes anomalously high near a phase
transition between states having different polarizations.
The transition has been called the "polarization catastrophe',
and is the result of the elastic forces in the crystal
being balanced out by the polarization forces, so that the
crystal can distort appreciably under the influence of a
very small electric field. fhe Clausius-Mossottl equation
gives a simplified reason for this occurrence. The

equation is:!S$

€ % — | (10)
1-47ZIN.a.,
3 1 1

Where € 1is the dielectric constant, and

Ni is the number of ions having polarizability aj .
When the denominator becomes zero, & becomes very large,
while the lattice becomes "soft" and a phase transition
takes place. If the denominator is assumed to behave

linearly with temperature above the phase transition, the

* O0f the 32 point groups, 21 are noncentrosymmetric.
Only 10 of the 20 can be shown to be polar, and
therefore capable of being ferroelectric.



dielectric constant behaves according to the Curie-Weiss

law:

(11)

where Tc is the Curie temperature,

C is a proportionality constant.

Devonshire!®217318 ha5 developed a phenomenological
thermodynaﬁic theory for ferroelectrics which uses the
Maxwell relations for the Gibbs free energy function, as
defined by:
aG = -8dT -xdX +E4dP (12)

where S is the entropy,

T is the temperature,

x 1s the strain,

X is the stress,

E is the electric field,

P is the polarization.

The free energy function G is expanded in terms of the

polarization as follows: -

= lop2 o L oo 4y leps L.,
G = 6 + ZBP® + pyP' + =6P ¢+ (13)

where Go is the non-ferroelectric free energy,

B, Y, § are constants to be determined from the
experimental data using the Maxwell relations. The first
constant, B, gives the temperature behavior of the

dielectric constant;

10



11

B =C' (T - To) (1u)

where C' is a proportionality constant,
T, is the transition temperature.

For a first order transition, the second constant, vy,
must be negative to allow the equality of G across the
phase boundary for non-zero polarization. The y is positive
for second order phase transitions (the third constant
becomes negligibié) for which the polarization in both
phases goes continuously to zero at the transition
temperature.

Early attempts at explaining ferrocelectricity were
limited to interpretation of dielectric data in terms of
Devonshire's constants. A more fundamental approach,

¢ was

proposed simultaneously by Cochran!® and Anderson,?
based on consideration of the temperature dependence of
the lattice modes. The importance of the mode relationships
to the dielectric constant is shown by the Lyddane-Sachs-
Teller (LST) equation2?!:
2 ,
o as)

where sz is the frequency of the transverse optic lattice

mode,’
sz is the frequency of the longitudinal optic
lattice mode,

e(») is the high frequency dielectric constant, and



12

€(0) is the static dielectric constant.
It was demonstrated using simplified lattice models that
the transverse mode could give the required temperature
dependence to the dielectric constant, €(0).

Barker??

gives a derivation for the mode frequencies
of a simple diatomic cubic lattice in which the Z-axis
becomes a preferred axis. The acoustic modes are not
considered because they have no effect upon the polari-

zation of the lattice. The frequencies of the long

wavelength, k = 0, modes with zero applied electric field

are. 2
wp? = L2 + 4B - =] (16)
.,eA2
1
mz-‘l[2A+uB+8‘§v-'m ] (17)
L "~ nu 1 + 8ra/3v

where 1y is the reduced mass (u = mlmz/ (ml + m2)),
A, B are the nearest neighbor inter-ionic potentials
along z and perpendicular to z, respectively,
ey is the electronic charge on ion 1, e, = =€y,
¢ is the polarizability of the ions,
v is the volume of the cell.

The local field and polarization for the two cases are
shown in figure 2. In the longitudinal mode, no cancellation
of the local fields with the inter-ionic forces is possible.
However, in the transverse mode, the last term may cancel
the first two terms to give zero frequency, eausing the

lattice to become unstable and to seek a stable lower



13

(=L + L‘—g—)P
81

- —— P

i 3
Figure 2. THE LOCAL ELECTRIC FIELDS DUE TO TRANSVERSE AND

LoNGITUDINAL OPTICAL PHONONS: Eloeal

]

LONGITUDINAL OPTICAL PHONONS. The local electric field
(long range interaction) tends to assist the lattice
distortion associated with the transverse optical phonon,
but tends to resist the distortion associated with the

longitudinal optical phonon. The horizontal dashed lines

depict the wave nodes.



1y

symmetry state. When this happens, it is possible to give

the temperature dependence near the instability by:

(18)

2 . 1" - ¥
wnt = C" (T .IO)

T

which leads to the Cufie-Weiss law (11) for the dielectric
constant, through the application of the LST relation (15).
The last term in (16) varies with temperature because the
cell volume is temperature dependent. As the temperature
decreased, the volume decreases, until the term ié large
enough to balance the short range inter-ionic forces, A
and B. The resulting phase transition is then studied
using a power series expansion of G in terms of the
polarization, P. The success of Devonshire's model for
macroscopic phenomena is carried over into this theory.

The simplified microscopic model given above has been
expanded to give a more exact explanation of ferroelectricity.
Many attempts have been made since Ginzburgis’Z“first made his
calculations of éptical frequencies required to explain the
high dielectric constant at the ferroelectric phase
transition in 1949. Cochran!® and Anderson?® made various
approximations of the atomic potentials to demonstrate the
temperature dependence of the transverse optic modes. Vaks,
Galitskiiand Larkin?® applied a self-consistent field method
to calculate the damping of collective excitations near a
phase transition. Vaks?? continued this effort, using a

much improved free energy expansion derived by Kwok and



15

Miller.2?® Cowley??’?® has developed a theory of lattice
dynamics using thermodynamical Green's functions to
calculéte the gffects of anharmonicity on the lattiée.
Silverman®! used an augmented Hamiltonian-to balance out the
majority of the anharmonic effects, so that perturbafion
theory could be used to obtain the lattice vibrations.
Doniaqh32 outlined a variational approach to find the free
energy of a ferroelectric lattice. These attempts have not
been too successful because of the large number of parameters
to be considered. A recent attempt to reduce the number of
parameters was made by Lines,:"3"3“’35 using a cluster model
to approximate the surroundings of ions beyond the nearest
neighbor sites. A self-consistent result was obtained,
which was applied to lithium tantalate (LiTa0,).

Other models have been proposed; including a tunneling
model by Brout et al.A36 which suégests that above the
transition temperature the polar ion is able to tunnel
between the wells of the multiple-well potential. This
sﬁggests the possibility of psuedo-Jahn-Teller?®?’ effect as
an altepnative explanation of ferroelectricity. This effect,
which induces an asymmetry in the lattice due to unfilled
electronic shell configurations, has been suggested to
account for the electron-phonon interaction resulting from
the partially covalent bonding that exists in ferroelectrics.
The lattice mode theories assume ionic bonding alone. This
idea was proposed by Fridkin®? to complete the thedry for

the semiconducting ferroelectric SbSI. Sinha and Sinha??



proposed the Jahn-Teller effect?’ to explain the existence
of the multiple well potential in BaTi03. This was
developed further by Shukla and Sinha*?’ to include the
electron-phonon interaction. A similar idea was proposed

!} Jones“? discussed some of the qualitative

by Bersucker.®
effects on the dielectric constant, using a Jahn-Teller
potential well. Birman*?® discussed the possibility of the
effect from a group-theoretical viewpoint in the proposed

% as well

metallic ferroelectrics of Anderson and Blount,
as for conventional ferroelectrics that are dielectrics.
Recent work by Yamada et al.*® at the phase transition of
BaTiO3 suggests that the observed fluctuations can be
explained equally well using the tunneling model or an
overdamped phonon model such as the anharmonic models of
Cowley.?3¢

Group theoretical methods have been used to define the
possible ferroelectric phase transitions®?that can occur for
a particular symmetry, and to make predictions'as to what
modes will be temperature dependent and interesting in
infrared and Raman spectra, and in neutron and x-ray irelastic
scattering experiments. The basic work in this area was
done by Haas,'® Goldrich and Birman*? and Cochran and Zia."
Experimental work has been done by Cowley*® with SrTiO3 and
Barker and coworkers in SrTi0g°%% 7%} }3:{1‘103;’”’51 KTa0351

and LiNbOg52 An excellent survey of the experimental work

in the study of ferrocelectric modes was given by Murzin,

16
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Pasynkov and Solov'ev.
C. ANTIFERROELECTRICITY -

As the name may suggest (in a qualified analogy with
antiferromégnétism), antiferroelectrics are ferroelectrics
in which the polarization of one subcell is oppositely
directed to the-bolarization of a second adjacent cell.
This gives a net zero polarization under normal conditions.
A model of two interlacing lattices was used by Kittel®"®
to predict antiferroelectricity on the basis of the
ferroelectric model in Devonshire's theory. Cross®$
modified this to include the three dimensional Lorentz
correction introduced by Slater®® for BaTil,, to explain
the results obtained for NaNb03.

The lattice dynamical theories!® differ only in the
suggestion that the soft mode has wave numbers corresponding
to the Brillouin zone boundary, k = g, instead of the.zone
center, k = 0. This is necessary to allow the adjacent
cells to have opposite polarizations.

Silverman®’ has developed a harmonic model for
antiferroelectricity which gives the frequency behaviour of

the temperature dependent mode as:

wT(k.)z = K[T - (T, + ATk)] (19)

where T_ + ATk is the transition temperature for the k
mode,

K is a proportionality constant.



In this model, Silverﬁan assumed that the temperature
dependent mode causing the cubic to antiferroelectric
phase transition was the same one that explained the Curie
law behavior,with the Curie point much less than the

transition temperature. The AT, is an increasing function

k
of k for this particular mode.

Barker?? déveloped a linear chain model without making
the above assumption and foundla temperature dependence
near the zone'boundéry only. Cochraﬁ and Zia"® have shown
that at least two lattice modes are necessary to explain
phase transitions of the perovskite antiferroelectrics.

The temperature dependence of the dielectric constant can
be explained using the second mode.

Miller and Kwok®®?® have also developed a theory of
microscopic free energy for antiferroelectrics. Haas"'® has
discussed the symmetry changes in several antiferroelectric
phase transitions. Cochran and Zia*®? examined thé lattice
modes which might be temperature dependent at the zone
boundary in various multiple cell structures.

D. STRUCTURE OF PEROVSKITES

Of the class of displacive ferroelectrics, a large
number belong to a structure family called perovskites.

The prototype is the mineral perovskite having the
composition CaTiOs. The structure for the ABO3 materials

is based on the cubic form, with the large oxygen atoms in

cubic close-packed configuration, the A atom in the 12

18
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coordinated site, and the B atom in the 6 coordinated (or
octahedral) site. The structure is depicted in figure 3 in
two representations to show’the symmetry of the A and B
atoms. Goldschmidt®® has given a criterion for atoms in an

oxygen lattice:
Ry + Ry = ¥Zt(Ry + R,) (20)

where Rg, Ry, Ry are the radii of A, 0, and B ions,

a? x?

For perovskites, t is between 0.8 and 1.0, as can be
seen in table I.
The common ferroelectrics of this structure are BaTi03,

PbT1i0 KTao0

3? 3?
are highly distorted. The compound NaNbO, displays both

KNb03, and probably LiNbO3 and BiFe03, which

ferroelectricity and antiferrocelectricity at different

temperatures. A well known antiferroelectric is PbZrOs.
A number of interesting solid solutions exist having

the same basic structure. These may be of the type |

(A,A')BO A(B,B‘)O3 or (A,A')(B,B‘)03. The first two cases

3’

are often only possible for specific proportions of the A or
i

B ions, necessary to balance the charges in the structure.

A few examples are Pb (Fe%Nb%)_03, (K%La%)Tioa, ,and

Pb (Fe )03. If the A and A' (or the B and B') ions

2/3"1/3
have the same formal valency, then continuous solid solutions
are often possible, although they may or may not be ferro-
electric in all compositional ranges, due to changing

'crystal symmetry. The most common solution of this type is

the PbTiOs-—PbZrO3 solid solution, which has four different
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phases at room temperature. The enhancement of the
materials' piezocelectric properties'near a phase boundary
formed the basis for a group of commercial transducers,
with good temperature stability. A modification of this
solution is the system BiFeOS-PbTiO3, which has been under
study by our group and is considered in this experiment.
More about this system will be given in a following section.
Listings of some of the common perovskites and their
properties are contained in the reviews of Kanzig,®?! Jona

! and Megaw.®?

and Shirane,®
‘The lattice vibration model for perovskites require
that there be 15 modes (5 atoms with 3 degrées of freedom).
Some of these may be degenerate, or there may be more if
the crystal has superstructure, i.e. requires more than one
unit cell to make a repeating cell. Of these modes, three
are acoustic, one longitudinal and two transverse. The
remainder are made up of optic modes which may be degenerate,
depending on the translational symmetry in the crystal.

E. THE PbTiO,-PbZr0,-BiFe0, SYSTEM

3 3 3 :

This system has been under study by our laboratory
since 1964. The literature has been surveyed in the
following theses: Chou studied the structure of the

PbZrOs-BlFeO3

system was given by Clarida,®

system;®®°6* the phase diagram for the whole
 with a later clarification
by Achenbach®® using neutron diffraction results.. The

dielectric properties were reported by Smith,®7°%® and the

magnetic properties by Latham.®® The phase diagrams are



TABLE

I.

IONIC RADII FOR PEROVSKITES

PbZrO3 PleO3

(o] o

A 1.20 A 1.20 A
B 0.79 0.68
0 1.32 1.32
t 0.85 0.89

22

BiFeO3 LiNbO3 BaTiO
0.96 A 0.68 A 1.34 A
0.6 0.69 0.68
1.32 1.32 1.32
0.82 0.70 0.94

The Goldschmidt tolerance factor t is given in equation 20.

TABLE II.
CRYSTALLOGRAPHIC DATA FOR THE BiFeOa—PbZroa-PbTiO3 SYSTEM
Sample Space Lattice Parameters
o] T . T
Group a b c a or = Curie Neel
o
BiFeO3 R3c 5.62 A - - 59°41" 850°C B42°K
(psuedo-cubic; 3.96 - - 83°30"' )
.
PbTiO3 P4mm 3.90 - 4.15 1.06 490 C -—-
PbZrO3 Pbam 5.88 11.77 8.22 -——- 230°C -——
TABLE III.
ATOMIC DISPLACEMENTS FOR R3c PEROVSKITES
szr0.9T10.103 BlFeO3 LleO3
Q [+
A 0.32 A 0.62 A 0.71 A
B 0.10 0.23 0.26
0 0.22 0.30 0.60
T 270°C 850°C 1210°C

Curie
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'given in figs. 4 and 5. The ferroelectfic transitions
temperatures are given in table II, along with the crystal
spéce'groups and magnetic transition temperatures. |

Recent work in our lab by Michel and Moreau

70571972

with BiFeO, PbZr  Ti ,0, and PbZr

3 g7 ~.1"3 587742

diffraction on powders and X-rays on single crystals, have

Ti 03, using neutron
clarified the rhombohedral phase regions of this system.

Two of these compounds are found to have the same symmetry,
R3c. The atomic displacements from ideal perovskite cubic
structure are shown in figure 6 and are listed in table III.
The structure is isomorphous to the very high Curie
temperature compound, LiNbO3 (Tc = 1210 C). As can be seen
in the table III, the distortion is much greater for higher
Curie temperatures. Megaw’?® has shown that the structures
appear to represent a nearly continuous change from hexagonal
close-packed to cubic close-packed as the Curie temperature
of the compound decreases. As the oxygen rotate, the A and
B atoms are displaced to accomodate themselves in the
changing void shape. Projections of the different layers
along the [111] cubic axis (the [001] axis in the hexagonal
system) for this change are shown in figure 7. The symmetry
changes in PbZr_gTi‘los, suggested by the results of Michel: .

2 ape from multiple-cell ferroelectric,R3c, to

and Moreau,’
single-cell ferroelectric,R3m, and then to éubic,Pm3m. The
sequence may depend on the size of the A and B ions,since

Abrahams et al.’*have suggested that LiNbO3 goes to either

R3 or R3c,both of which are centrosymmetric. No details are
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Pb: 0.32 A along [I1])
ZrTiz 0.0 A along [il]
0: 0.22 A rotating about [I]]
All values + .02 A |
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Atomic Displacements in PbZrO.ngo.;°3'



3
7 | 1 "9
*<3>e
s q
A, ™A, .
(- o B — e Y Axis
H
' 7
4
7
1
— L0
AR 9
£ | 5 < |1DERL PEROVSKITE
Oxy GeEN ATom

o OxygeN RAtom
X Axis SHIFT IN R 3c

PbZr 1i,0,-R3c

Fig. 7. Projection of oxygen atomsen (001) plane for R3c perovskites.

The numbers give distance above plane in twelfths.

Le



28

available for BiFeOa,which melts just above its Curie point.
No model has been worked out for possible geometrical
relationships which might determine the symmetry changes in
the phase transition, or the order of the phase transition.

A linear relation exists for the A and B ion displacements.
It is given as §(A) = 2.92 §(B).”’? Abrahams, Kurtz, and
Jamieson’" have experimentally related the shift of the B

ion to the Curie temperature and the spontaneous polarization,
which has been substantiated by the statistical theory of

Lines,.3"

The unit cell of PbZr0, found by Jona et al.’® is shown

3
in fig. 8. This shows one layer'of‘the,structung, containing
H‘formula units, aﬁd boﬁnded by planeé normal to the

¢ axis. . The antisymmétry can be seen by observing that
two Pb atoms are shifted in a positive direction, and two

in a negative direction, from the symmetric positions. The
oxygen shifts have been analyzed by Cochran and Zia,"® and
shown to be due to two lattice modes. The T';s mode with
wave vector (¥ ¥ %) shifts the atoms as shown in fig. 9b.
The T';s mode with wave vector (000) shifts the atoms as
shown in fig. 9c. The composite gives fig. 9a, which is

the displacement for one formula unit of PbZrOa. The Ta5s
mode at (¥ % %) is the same mode which explains the oxygen

shift in LaA£03, LiNbO BiFeO PbZr Ti 0, and SrTiO

3? 3?2 0.9770.1°3
Cochran and Zia"®? comment that the two-lattice models of

3.

Kittel’* and Cross®® are not completely valid for PbZro,.

They find little weight for or against the suggestion'that
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.Fzs is the mode tﬁat causes the antiferroelectric phase
transition and state that any one of the other modes,
(%%0,23) and (%%O,MS‘), are just as likely to be temperature
dependent near the phase transition.

.The addition of up to 20% BiFe0O, to PbZr0, has shown

3 3
that the antiferroelectric phase remains with a decrease in

* It is likely that, near the Curie

Curie 'tempera't.ure.6
temperature, a ferroelectric phase exists, with rhombohedral
symmetry. This phase has been observed with the addition of
BaZro3,f? PbTioa?f and possibly 0.5% szos”f to PbZrl,.

The ferroelectric phase is most easily detected by the
observation of double hysteresis loops. The field required
to excite the double loops decreases as the temperature

approaches the Curie point. X-ray lines’?

are often diffuse
in the narrow temperatufe range (5-10°C) over which the
ferroelectric phase may exist, suggesting a soft lattice.
The rotation of the oxygen octahedra also takes place
in the low temperature phase (T< 110°K) of SrTi03~ This
was confirmed using EPﬁ experiments by Unoki and Sakudo.?®
The determination that the corresponding lattice mode is

temperature dependent was made by Shirane and Yamada®!282

* using

and independently by Cowley, Buyers and Dolling,®
neutron inelastic scattering. This mode (I';s) occurs at the
zone boundary and is the tetragonal analog of the phase
transition of LaAlOa, discussed by Cochran and Zia,“f and

observed by Axe, Shirane and.Mueller,B“ and by Cochran,?S
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using neutron and X-ray scattering techniques, respectively.
A theoretical treatment was given by Thomas and Mueller,®®
The latter were able to establish the conditions for either
the tetragonal‘or trigonal rotatibn of the oxygen, based on
anharmonic parameters. These results are general and do not
imply ferroelectricity, but are often present in ferro-
electric systems, so a connection must be sought.
F. THE MOSSBAUER EFFECT IN FERROELECTRICS

A brief history of the observance of the Mossbauer
effect in ferroelectrics is given before examining the
specific parameters that can be measured. ﬂuzikar and
Janovec and Dvorak®?’ proposed that Mossbauer effect should
be useful for the study of ferroelectrics in observing the
effects of a soft lattice mode. It was demonstrated that
the low frequency mode should have a marked effect on thé
fraction, f, of recoilless emission. Schmidt®® gave a
derivation to show this effect for a rigid lattice contain-
ing a ferroelectric-active B ion. Since only the interaction
of the B ions with the lattice was considered, only
qualitative results were obtained. A simplified
demonstration of the dependence of the f factor on the soft

phonon mode may be given following the derivation Abragam.®

For each phonon mode, the energy is given as

2.2 . (=
NMmS<uS> = (nS + %) ﬁws , (21)

where N is the number of atoms in the lattice,
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M is the mass of the A atom,

Hé is the number of phonons having frequency Wes

u, is the displacement of the atom from equilibrium,
4 is Planck's constant/2r.

Summing over all the modes:

L g+ &)
2. 2, - 2 <u?> _ 2R s
ko<x®> = k 3 3AN é——_ﬁg——_' (22)

where k is the momenfum vector of the gamma ray,
: . ' (Rk)?
R 1s the recoil energy of the atom )

The value for Hé is given by the Bose-Einstein formula:

exp ( )-1
kT
where kB is the Boltzmann constant,

T is the absolute temperature.

After substituting this value of Eé in (22), there results:
- . 1 .(ﬁm ) Con)
k*<x<> = Z —coth 24
| 33BN § Wg fk—E{T

where the sum is over all the 1attice modes., If one mode
becomes soft, its frequency éi approaches zero, and that

term of the sum approaches infinity. The statistical
weighting (not included in the derivation) of the modes
gives a finite sum,so that the large term should predominate
in the sum. This means that a dip will be observed in f

2_.2
- < >
e k*<x

(f = ) at the temperature at which the mode softens.

The primitiveness of the early Mossbauer';ffect (ME)
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measurements on ferroelectrics is shown in the report by
Pham Zuy Hien, Viskov, Shpinel', and Venevtsevé? on BiFeOs—
SrSn0, solid solutions. An abrupt change was observed in
the peak intensity at temperatures between 300° and 700°K
for the various solutions. These were mistakenly
interpreted to be the ferroelectrié transition points by
the transposition of °K for °C. The mistake was pointed
out in a paper by Mitrofanov, et al,®? in which complete
spectra were run in contrast to the single velocity data
points observed previously. The abrupt transition was
found to be due to the antiferromagnetic transition in

BiFe0, at 642°K (369°C). The single peak spectrum decreases

3
as the six-peak magnetic spectrum appears. It was another
year before confirmation of the usefulness of the ME in
ferroelectrics was made. Bhide and Multani®! observed the
anomalous dip in f for the 120°C transition in BaTiOs,using
Fe impurity diffused into the sample as the Mossbauer active

92

atom. Almost simultaneously, Chekin, et al.’? observed the

ME in BaTi0, doped with Sn'!? and found'the same behaviour
for f, though not as sharply defined as it was for iron,
because of the larger natural linewidth of tin. The

effect has been studied for solid solutions of BaTiOa—BaSnO3
by Bokov, et al.?® The effect has also been observed at

the lower temperature phase transitions of BaTiO3 investi-

gated by Belov and Zheludev.?* There remains, however,

some difficulty, for Plotnikova, et al.®® have attempted
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the same experiments and found negative results, although
they claim that they had much better resolution than the
previous experiments. They also Investigated the spectrum
for Pb(Ti,Sn)O3 and Pb(Zr,Sn)Os, and found no effects at
the phase transition.

Very good results have been obtained by Sklyarevskii
et al.?® for Pb Fe%Nb%O3 using enriched iron (Pesf) as the
Mossbauer active atom.

Work with iron in perovskites has always been plagued
with valency problems because the iron assumes two or more
valency states.* For BaTil,, Bhide and Multani?l’S?
discussed the vacancy impurity state caused by the insertion
of Fe®t in a site usually occupied by Ti*t, To obtain a
better spectrum, they resorted to using BaTiO3 as a source

containing Co®’ in the 2+ state. Similar work on SrTil,

showed the same effect.%%21!00

Some work on Pb(NbFe)%O3 and Sr(TaFe)%O3 was performed

by Bell.!®! The broadness of the observed peaks were

explained by the random arrangement of the iron in the B

* Matthias®? has suggested that the B ion in Perovsklte
ferroelectrics must be noble gas structures. Fe?d
violates thls, though it approximates the effect by
having a 3d° configuration. Fe?*' has never been shown
to be ferroelectric, and its quadrupole splitting is
not temperature dependent to the same extent as is
that of Fe?
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sites of the perovskite cell having different environments
due to charge and size differences.®

Work by Gallagher et al.!’? on the oxygen deficient
system SrFeOX, where x = 2.50-3.0, using the Mossbauer
effect, has observed iron in the 2+, 3+, and 4+ states, all

in the same compound. Similarly, Shimony and Knudsen,!'®*

and Gallagher and MacChesney,!?®

in work on Lal_XSrXFeO3
have found the tetravalent and trivalent iron occupying
the same lattice position.

Dvorak'®® has extended the theory for the Mossbauer
effect in ferroelectrics to antiferroelectrics by showing
that the f factor should be sensitive to soft modes of all
values of k, including the zone boundary. He also
predicted, on the basis of the results by Silverman,®’ that
the decrease in f should be much greater for antiferro-
electrics than for ferroelectrics.

Multani and Mueller'®’? have recently reported
observing the temperature dependent lattice mode behavior
in PbZr03, using Cosf embedded in PbZrO3 as a source. No
numerical results were given in the brief abstract.

Dlouha??®® has studied the implications of the first

order and second order phase transitions to make a few

* Recent studies %% on inhomogeneous broadening define
the problem as due to point defects, either vacancies
or charge differences, which introduce random strains
and electric field gradients, changing the isomer
shift and splitting. '
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predictions on the behaviour of f and of the second order
Doppler shift at the transition temperature. A recent
paper by Vaks, Galitskii and Larkin 1°°® has extended the
microscopic theory of ferroelectricity by Vaks?’ to give a
description of the behaviour of f at the phase transition.
The useful parameters obtained from the ME will be
described in the experimental section. These include the
isomer shift, electric quadrupole splitting, second order

Doppler shift, and the area of the peak.



IIT. EXPERIMENTAL METHODS
A. MOSSBAUER EFFECT MEASUREMENTS.
1. The Isomer Shift
The isomer shift is one of several hyperfine
interactions. Physically it is the interaction of the
nuclear charge distribution with the electron charge

density at the nucleus. This interaction is given as:
- 2T 2( 2 _ly2 2 _p2
§E;, = ¢— Ze l.wa (0) ] |ws(o)l> [RZ, Rgnd]

where Z is the atomic number,

e is the electronic éh&fge.

38

(25)

Wa is the s-electron wave function for the absorber

?S is the s-electron wave function for the source,

Rexﬂis the nuclear charge radius for the excited

state,

Rgnd is the nuclear charge radius for the ground

state.

The wave functions of transition metals are difficult

to calculate, so that the contribution of ¥ at the nucleus

is difficult to evaluate properly. There is always some

d-electron interaction with the nucleus that is hard to

include. Usually correlation plots of observed values of

the isomer shift with other parameters dependent on the
charge state of the Mossbauer atom, such as electric

quadrupole splitting, are used to make predictions for

unknown charge state materials. Such a plot is that of
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Spijkerman, Ruegg and May'!® for iron, shown in figure 10.
A more theoretical relation was given by Walker, Wertheim
and Jaccarinol!! This related the Hartree-Fock wave
functions for the 3d electrons with the U4s electron
contribution due to ionicity and with the measured isomer
shift for some ionic compounds. The WWJ plot failed to fit
ionic compounds reasonably, so Danon!!? recalibrated the
results to obtain a better fit. Some 3d-4s compounds,
assumed to be 1onic by WWJ, show more than 20 per cent
covalency. The resulting plots are shown in figure 1l.
These results are still ambiguous, so Bhide, Shenoy
and Multani!?!® have plotted several empirical curves of
isomer shift as a function of ionicity. One of'these is
calibrated for Fe203 and other Fe®l covalent compounds, and
seems to give the most reasonable values of ionicity for
the perovskite ferroelectrics. The empirical plot is given
in figure 12. Bhide and Multani®! were able to derive the
ionicity from the charge required to give .the observed
quadrupole splitting. They obtained a value of 60% ionicity
for BaTiOs, which was close to jhe 50% predicted on the
basis of isomer shift plot. X-ray spectroscopic investi-
gations of Blokhin and Shuvaev,!!*gave estimated values of
covalency greater than 35% for p electrons, and greater than
60% for p and d electron contribution.?!® The s contri-
bution was small. This would indicate that the WWJ'!?! plot
is an invalid indicator of covalency. Ericksonl!® has

presented a discussion of the difficulties in relating the
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isomer shift with the ionicity, and proposed a system to
give relative covalency only.
2, The Second Order Doppler Shift

The isomer shift can be shown to display a dependence
on temperature or pressure, due to the second order Doppler
shift of the nucleus. The first order effect is absent due
to the lack of recoil in the resonance process. However,
the lattice vibrations contribute to the motion of the
nucleus and this is detectable in the slope of the isomer
shift versus temperature (or pressure) curve. It can be

shown that this slope is:

-
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N Ne)
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(286)

where E is the energy measured as the isomer shift,
T is the temperature,

C, is the lattice specific heat, .

L
M is the mass of the atom,
c is the speed of light.

The specific heat is usually given by the Debye

Approximation as:®

C

C . 8/T
= aNk(x)?f 2 dz 27)

L 0 (e2-1)2

where N is the number of atoms in the system,
k is Boltzmann's constant,
8 is the Debye temperature.

At low temperatures:
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while at high temperatures, the Dulong Petit law holds:

CL = 3Nk. (29)

The order of the phase transition should determine what

kind of discontinuity there will be ih the isomer shift
versus temperature curve. Dlouhal?? stated that for a
first order transition that there should be a jump in the
curve. For a second order transition there should also be
a discontinuity, which should just be a change of slope in

the isomer shift-temperature curve. .

The jump has been observed in BaTi0,®! and Pb(Fe Nb, )0,

which probably are first order transitions. The slope of
the curve seems to fall just short of the Dulong-Petit law
for high temperatures in BaTiOs. Unless this is measured
very far above the phase transition, there may be an effect
due to the h&perfine interaction or the volume change, which
adds an additional term to the slope.

3. The Electric Quadrupole Splitting.

This splitting is due to the interaction of the

Sty |
c = 12T Nk(g)’ (28)

3
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crystal's electric field gradient with the nuclear quadrupole

moment of the.atdh'undergéing a recoilless transition. The
nuclear energy levels are split by the amount:

.
LI(2L~1

[3m2-I(T+1)1C1+3n2)¥ (30)

?Q
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where e is the electronic charge,
"eq 1s the major term of the diagonalized electric
~gradient, sz,

Q is the nuclear quadrupole moment,

(Qij = fp(r)xixjd;),

I is the nuclear spin quantum number,
my is the magnetic quantum number,

n is the assymmetry parameter of the electric
field.gradient,.yz%:zzx.
zz

The electric field gradient is the second derivative
tensor of the electric potential or the gradient of the
electric field vector. It'is diagonalized by a suitable
choice of axes and arranged so that the dominant term is
the V,  term. From the above equation, for iron with
I = 3/2 and 1/2 for the excited and ground states
respectively, we see that only the excited state can be
split by this interaction, and hence only two lines will
be observed in a spectrum. The energy level diagram is
given in figure 13. This gives the value for the splitting
as:

AEQ_= % equ(l-Yw)(1+n2/3)%, (31)

where an additiondl factor has been introduced to account
for the contribution of the Mossbauer atomt's electrons to

the electric field gradient of its surroundings. This is

K

called the Sternheimer?!? antishielding factor, y_, because
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the outer electrons of the atom seem to enhance the field
gradient at the nucleus. Tor Iron 57, its value is given
as -9.16.

The value of Q for Iron 57 is not known exactly, but
has been estimated to be between 0.19 and.0.32 barns

(10'2“

cm). The difficulty is that the measurements of
this factor usually include the electric field gradiént
term, eq, so that a good estimate of this term must be
available before Q can be determined. A recent paper by
Chappert, et al.!!® summarizes the results obtained in other
recent papers and includes a new determination of Q as
0.21 + 0.03 barms.

The electric field gradient calcﬁlation requires
summation over diécrete chargeé in the surrounding cells
of the Mossbauer ion. Methods for making these calculations
are discussed by Bersohn,!!® and a series of Russian papers
have appeared déaling with electric field calculations in
perovskites.!2?9°!21 These were extended to perovskites
having superstructure!???'23 and, in particular, to
antiferroelectrics such as PbZr03.12“’125 Electric field
gradients have been estimated for BiFeO3 to be between 2
and 6 x 10%° V/cm?. While the structure is now known to
be slightly different, order of magnitude agreement with
measured values was found.

Bhide and Multani®! made a calculation determining

the ionicity of BaTiO3 from their experimental results.



TABLE V.
ABSORPTION FACTORS FOR VARIOUS MATERIALS

MATERIAL THICKNESS ENERGY OF ABSORPTION HALF
RANGE RADIATION COEFFICIENT THICKNESS

(em.) (kev) p (em ™) (em.)
ALUMINUM 0.004 - 0,084 14,4 18.18 0.04
: 6.3 190, 0.06
BERYLLIUM 0.004 - 0.14 14,4 1.124 o 0,17
: 6.3 4,190 0.62
CELLOPHANE TAPE 0.006 - 0.051 14 .4 1.297 0.53
6.3 13.985 0.05
FUSED QUARTZ - 0.006 - 0.u47 - 14,4 13, ———
6.3 40, 0.10
MYLAR 0,008 - 0.009 14,4 7.4 0.09
_ ' 6.3 11.52 0.06
PLEXIGLASS 0.16 - 0.97 14,4 0.9 0.69
6.3 15, 0.08
POLYETHYLENE 0.014 - 0.21 14 .4 0.829 0.84
6.3 6.0 0.11
POLYPROPYLENE 0.16 = 0.79 14,4 0.5124 1.34
4 6.3 5.5 0.14
TEFLON 0.008 - 0.42 14 .4 3.79 0.19
6.3 39, 0.05

From L. May and D. K. Snediker, NuclesrInstrum. and Methods, 55, 183-188 (1967).
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which also show antiferromagnetic ordering. These include
BiFeOs, and Pb Fe%Nbgos. The interaction is between the

electronic spin and the nuclear spin, I. It is given by
Ey = -guy H my, where mq = I, I-1,...,-I, (32)

where g is the gyromagnetic ratio for the nucleus,
Uy is the nuclear magneton,
H is the magnetic field at the nucleus,
my is the nuclear magnetic guantum number,
The allowed transitions are given by the selection rule

for magnetic dipole transitions:
Am_ = 0, #1. (33)

In the case of iron, the transitions are between -
states for which I = 3/2 and 1/2. This means that there
are four levels in the excited state which can decay to two-
levels in the ground state. This is shown in fig. 13.

In magnetic materials of low symmetry, one would expect
an electric gquadrupole splitting along with the magnetic
splitting. Often this is hard to detect, as the effect
depends on the angular relationship between the electric
field gradient and the magnetic field. One example is that
of Fe203, which has its electric field gradient tensor
diagonalized along its magnetic field above the Morin

transition (spin flip), but perpendicular below the Morin

transition. The energy level diagram is given in fig. 13.
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5. The Area of the Resonance Peak

The variation of the f factor in the temperature range
of a phase transition has been discussed. The experimental
determination of f follows from the measurement of the count

rate. A measurement is made of the fraction effect e(Eo):

e(E) = M=l MEe) . (34)
where N(«) is the total count rate off resoﬁance,

N(EO) is the total count rate at resonahce EO,'

N(B) is the contribution to the total count rate of
non-resonant radiation (other gamma rays). The background
contribution N(B), is due to secondary gamma rays from
interactions of the higher energy gamma rays also emitted
by the source. The above equation is valid only if the
linewidth of the source and.the absorber are the same. This
is because broadening of the one with respect to the other
would cause a reduction in relative height. .

The érea of the peak (in the count rate-velocity
spectrum) is a more exact measure of resonant absorption.

The height is normalized in the same way, but now the area

is used:
A=1T E(EO). (35)

where e(Eo) is relative height of peak of Eo’
I is the total linewidth (FWHM).

The theoretical expression for this area is given as a



51

function of the absorber and source thickness. This has
been determined in analogy with neutron resonance absorption
experiments, the results being given by Preston, Hanna, and
Heberle,'?? using numerical results derived by Havens and

Rainwater.!2® The final results were:
A= %7 ncofsfar G(ncofa) for thin absorbers (36)
and A2 = 7 ncofaf;FZF(noofa) for thick absorbers (37)

where n is the number of resonant nuclei per cm?,

O is the resonant cross-section for absorption,

fa is the absorber Mossbauer fraction;

'fs is the source Mossbauer'fraction,

I' is the totai linewidth (FWHM), and

F and G are thickness corrections given in figure 1k,
A number of other numerical calculations have been made to
correct for the thickness of the absorber. The most ‘
important ones are thoseof Shirley, Kaplan, and Axel,l?®
Lang,!?" Marguilles and Ehrman!3! and Bykov and Pham Zuy
Hienl?? A new method for measuring the f factor was used
by Housley, Erickson and Dash,}??® in which a black absorber,
ammonium lithium fluoferrate, wasused to provide a broad
flat absorption as a standard with which to compare the
unknown. |
6. ThelLinewidth

The observed linewidth is due to the overlap of both

the source and absorber linewidths to give a sum of the two.
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The linewidth of either the source or absorber can be
broadened due to relaxations, fluctuations and inhomogeneous
broadening. The fluctuations and relaxations which occur
near phase transitions are of most importance in this
experiment. If a fluctuation is slow enough so that the
period is longer than the life time of the excited state,
then the Mossbauer effect is capable of detecting its effect
on the crystal environment. The existence of such states in

4

ferroelectrics was discussed by Fritsberg!3®* in terms of

microphases of volumes of the order of lo—lscma. Sh_ur135
has suggested a possible thermal instability in ferro-
electrics due to conductivity, which should be small for
BaTiO3 but larger for SbSI and the more conductive
ferroelectrics. This could give rise to relaxation effects.
7'. Miscellaneous Effects

In an anharmonic crystal, one might expect that the
Debye model fails to fit the specific heat and lattice mode
spectrum; thus leading to apparent anomalies in.the
measurements. Also, if the f factor can vary for different
crystalline directions, one can expect that the peak
intensities for electric quadrupole splitting and magnetic
splitting will change with orientation. It has been
suggested by Goldanskii and Karyagin!3€2!37 that the peaks
will be unequal (even in powders) independent of orientation
if the f factor is different for the two peaks. To check
for this effect, the powder may be.measured at several

different angles of incidence. If there is any change in
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intensity with angle, then preferred orientation is probabiy
the cause.

A recent paper by Taylor and Craig!®®?® derived, in the
harmonic approximation, a relation between the f factor and
the second order Doppler shift, from which the zero-point
motion and the Debye temperature could be found quite easily.
This is because the two effects measure the mean square
displacement and velocity of the atom. The Debye temperature

was calculated as:

E, 2.% :
.= (=) (38)
D kBst
where S ‘bln(ff) and (39)
t ” v/e), ’ '

E is the gamma ray energy,
kBis Boltzmann's constant,
f. is the Mossbauer-Lamb factor at temperature T,

t
(%X)tis the second order Doppler shift at temperature
T.
8. The Source
The source is selected on the basis of its activity,

clean spectrum, and lack of hyperfine interactions and line
broadening effects. The Iron 57 sources use a natural decay
scheme involving the parent Cobalt 57, as shown in figure 15.
The source is usually diffused into metal foils such as
copper, palladium, stainless steel, platinum, or chromium.

The copper source is the simplest, because of its diamagnetic

cubic structure and the lack of any secondary X-rays which
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might overlap the gamma ray. It is, however, affected by
the atmosphere, forming an oxide which changes the linewidth
and isomer shift. The other sources have extra X-rays and/
or the possibility of magnetic broadening at low temperatures.
The harder lattices such as chromium give slightly higher

f factors. A new source made from Co0 has been used because
of its uniformity, high activity and high f, but it is in
powder form. High temperatures are not possible because of
sample holder and decomposition problems, while low
temperatures are forbiaden because of a magnetic transition.
A gamma ray spectrum for Cobalt 57 is gi&en in figure 16.

9. The Absorbers and Filters.

The absorber thickness can be optimized to give the
maximum signal-to-noise ratio. This calculation was done
by Banks'®? for perovskites like BiFe0, and PbTiO,. The
optimum varies a little with these compounds, but is about
20 mg/cm? of sample. This corresﬁonds to about O.lGng/cm2
of Fe®?, The results are given in the Appendix III.

There are various filters which can be used to reduce
the x-ray count rate for the 6.3 kev x-ray, and these are
also used as windows for low temperature dewars and furnaces.
A 1ist of some common ones appears in table V, along with
their absorption coefficients. Beryllium is also used as
a window because of its high transparency to low energy
x-rays, but both beryllium and aluminum filters have to be

checked for iron impurity which can affect the spectrum.l*!



TABLE V.
ABSORPTION FACTORS FOR VARIOUS MATERIALS

MATERIAL THICKNESS ENERGY OF ABSORPTION HALF
RANGE RADIATION COEFFICIENT THICKNESS

(em.) (kev) p (em ™) (em.)
ALUMINUM 0.004 - 0,084 14,4 18.18 0.04
: 6.3 190, 0.06
BERYLLIUM 0.004 - 0.14 14,4 1.124 o 0,17
: 6.3 4,190 0.62
CELLOPHANE TAPE 0.006 - 0.051 14 .4 1.297 0.53
6.3 13.985 0.05
FUSED QUARTZ - 0.006 - 0.u47 - 14,4 13, ———
6.3 40, 0.10
MYLAR 0,008 - 0.009 14,4 7.4 0.09
_ ' 6.3 11.52 0.06
PLEXIGLASS 0.16 - 0.97 14,4 0.9 0.69
6.3 15, 0.08
POLYETHYLENE 0.014 - 0.21 14 .4 0.829 0.84
6.3 6.0 0.11
POLYPROPYLENE 0.16 = 0.79 14,4 0.5124 1.34
4 6.3 5.5 0.14
TEFLON 0.008 - 0.42 14 .4 3.79 0.19
6.3 39, 0.05

From L. May and D. K. Snediker, NuclesrInstrum. and Methods, 55, 183-188 (1967).
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A particularly valuable filter of about .005 inches
of brass or copper can be used to filter out almost all of
the 14.4 Kev gamma fay and x-rays, so that the background
contribution to the spectrum caﬁ be measured. A graded
shield of aluminum, brass and lead is often used to protect
the counter tube from stray radiation thaf might get in
through the aluminum casing rather than the thin window.
10. Detectors.

Gamma rays can be detected using thin crystal
scintillation counters, gas filled proportional counters,
or lithium-drifted germanium detectors. The thin crystal
requifement for scintillation counters is often too stringent
and costly to permit the optimum use of this detector. The
solid state detectors are very inefficient and are useful
only for energy resolution. The gas filled proportional
counters are thg easiest to use. For Iron 57, the use of
a krypton-methane £i11 gas gives a counter with a very high
efficiency for 1lui.4 Kev gaﬁma rays, because of the proximity
of an absorption eage near 1lu4.4 Kev. Other gases are xenon
and argon. A thin beryllium window, about 0.010 inches
thick and one inch in diameter, determines the detection
area.
B. APPARATUS:

A diagram of the apparatus is given in figure 17a with a

photograph in fig. 17b. Each component of importance

will be discussed in terms of design and operation. Before
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doing this, it should be mentioned that there are several
alternatives to this type of system. The Mossbauer effect
1s usually observed in what are called the constant velocity,
constant acceleration, and cyeclic velocity modes, depending
on the method used to cause the Doppler shift of the gamma
radiation. The constant velocity mode is usually the
cheapest to set up, since it requires only a motor, detector,
and scaler. The constant velocity is provided by such
instruments as lathes, turntables, and gated counting on
oscillatory systems such as pendulums, cams, and electro-
mechanical transducers. This mode has the advantage that
it requires only a scaler for data accumulation, but the
-disadvantage of requiring very stable electronics. The
other systems use a multichannel analyzer (MCA) to store
the data versus velocity. The coﬁstant acceleration mode
gives a linear scale for the velocity. The synchronization
is accomplished by using the last bistable in the channel
counting circuit (which can represent a constant acceleration
plot) and integrating it to give the corresponding triangular
velocity waveform. This is then used to generate a drive
signal to an electromechanical transducer,

The other velocity waveférhs can be generated in
similar fashion, or independently. A method of presenting
the data on a linear velocity scale requires that the
velocity signal be added to the counts and then stored,

using the pulse height analysis feature of the MCA. 'The
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counts are thus stored in channels corresponding to a
particular increment of velocity. The problem with this
system is that if the velocity is‘noniinear, more counts
are stored in the channels where the acceleration is low,
giving a distorted spectrum. This leads to difficulties
in separating irregularities in the velocity from small
peaks or splittings in the peaks.

1. The Multichannel Analyzer (MCA).

This miniature computer occupies a central position in
the apparatus. A 400 channel RIDL model 24-2 analyzer,
with 106 memory per channel, is used for data storage. For
data accumulation we use the time sequenced scaler mode,
which is driven externally by a 3000 cps pulse from a
General Radio Pulse Generator (GR 1217c). The analyzer
generates a 7.5 cps square wave called the 200-200 bistabie,
which is used to generate the drive signal. The pulse
height analysis mode of the MCA is used to determine the
gamma ray spectrum of the source, and to set the detection
system. The analog to digital converter can be operated in
coincidence with an independent sinéle channel analyzer.
The choice of a sgparate.single channel analyzer allows
faster selection of the Mossbauer pulses to be stored and al
allows higher intensity sources.

2. The Drive System
This part of the apparatus consists of a signal

integrator, summing servo amplifier and electromechanical
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motor. The integrator, described in figure 18, consists of
a diode clipping circuit, to eliminate the ripple present
on the MCA bistabie signal, and an opérational amplifier
with a negative feedback loop, consisting of the integrating
Capécifor and DC compensating resistors to prevent large
drifts in the circuit. The operation of this circuit
requires bias adjuétment fpr the inequality of the two
clipping diodes and a zero balancing of the inputs of the
operational amplifier.

The servo amplifier circuit is based on that given by
Wertheim.'*2 The circuit is given in figure 19. It
~contains a summing point, A, and two operational amplifiers
with feedback parameters adjusted to give low and high
frequency cutoffs to prevent the system from oscillating
due to mechanical resonances in the drive motor. The final
stage is a unity-gain power amplifier used to give the
drive signal enough current for the loudspeaker type motor.
A DC feedback loop from the output to the input is used to
cut down drift in the summing amplifiers. The theory for
the circuit is given by Kankeleit.!*® The adjustment of
the circuit requires adjusting of the power amplifier
power supplies to compensate for bias inequality in the
transistors with zero input. ' The first operational
amplifier must also be adjusted for a slight DC offset,
necessary because the motor is operated in a vertical

position, to compensate for gravitational forces. The
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circuit is not optimized, however, and the gain adjustment
would require improvement if high drive levels were needed.
Our experiments required only small velocity ranges (from

1 mm/sec to 1 cm/sec), and these do not put large demands
on the power amplifier or the feedback circuit to get good
linearity. The velocity signals were linear to léss than
4% with slope differences for the up and down sides of the
triangle wave of about #0.6 per cent.

The motor is based on Kankeleit's design and was built
by Austin Science Associates. A light bulb is included in
the output circuit as a current limiter during periods of
overloads to protect the motor coils from burnout. A
diagram of the construction is shown in figure 20. The two
coils provide the driving force and the velocity feedback
signal required in this system. The springs are designed
to provide rigid centering of the coils with as light a
spring force as possible. The center shaft of the motor is
kept light, to reduce the mass mounted on the spring, and
the source is mounted on the end of this shaft.

3. The Absorber and Furnace

The absorber consisted of powder placed on a thin foil,
mounted horizontally between the source and the detector,
in a furnace capable of temperatures up to 700°C. The
design of the furnace was based on the requirements for
sample size and geometry with respect to the source and

detector. The furnace was about two inches thick, with
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water cooled copper plates on the top and bottom. There

are thin windows of beryllium (.001 in thick, less than
0.14% Fe) in line with the gamma ray path between the source
and detector. This keeps the source and detector at room
temperature. The furnace is a wire wound ceramic core of
about one inch in diameter and two inches in lengthé
contained in a box four inches square. The insulation, about
two inches thick, is quartz wool. The furnace is controlled
by an API optical meter relay with proportional SCR¥* driver,
and an SCR* control circuit to provide ﬁower control
proportional to the deviation from the setpoint. It is
capable of maintaining *1°C for 24 hours or more. This
circuit is given in figure 21 along with the furnace and
sample holder in figure 22, The sample holder is made of
Monel metal (66% Ni, 32% Cu), which has high heat conductivity;
low oxidation, and low iron content (less_than 1.40%). This
makes it useful to give even.tempefature distribution in a
small space without chemical reaction or Mossbauer absorption.
The foil holding the sample is beryllium foil (.003 in tﬁick,
less than 0.14% Fe). The sample holder is suspended inside
the furnace from three ceramic standoffs to provide thermal
insuiation from the outside. The sample temperature was
monitored with a Chromel-Alumel thermocouple measured with

a potentiometer. The sample size was restricted to about

# Silicon Controlled Rectifier.
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three-quarters of an inch in diameter, giving about 6°
angle deviation from the normal. The source-sample-
detector geometry, chosen to minimize cosine broadening,

is shown in figure 23. Cosine broadening due to the spread
of velocities obtained from finite source and absorber size
has been discussed by Banks!®® and by Spijkermann, et al.!*®

It is given by:
= . T
AV = V(l-cos 60) = i (40)

where V is the velocity of motion,
8 is the gamma ray with respect to thé direction of
motion,

g is fractional broadening of T.
The smaller the angle, the smaller the effect, but the
count rate is also reduced. Another effect is due to the
larger solid angle when the source is closer to the detector,
which means that more counté will be observed on one half
of the spectrum. In the triangular wave mode, this Ean be
corrected by adding the two spectra to get a cancellation
of the effect. With our small velocity this was not a
problem.
4; The Detector System

The detector was a xenon-methane gas-filled proportional
counter with a one inch diameter, .010 inch thick, beryllium®

window. The detector electronics used a Hamner N375A

preamplifier and either an RIDL 30-13 RC pulse-shaping .
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Linear Amplifier or a Detectolab Al-D Delay line pulse-
shaping Linear Amplifier.

The pulses were selected using the pulse-height
discriminators of either the MCA's analog-to-digital
converter, or a separate RIDL 33-14%A single channel analyzer,
operating in delayed coincidence with the analog-to-digital
converter. The latter set-up allowed higher count rates
and more accurate pulse selection. The windows for the
gamma ray peak were set using the pulse height analysis
mode of operatién of the MCA to observe the whole spectrum,
and then setting the upper and lower levels of the dis-
criminator of the analog-to-digital converter to bracket
the desired peak. In the delayed coincidence set up, the
pulse height spectrum was run in anticoincidence. Then the
window and threshéld of the single channel analyzer were
set to bracket the desired peak, using the coincidence
circuit to prevent counts from storing that were not passed
by the single channel analyzer. Once the windows were set,
the pulses were directed to the data input for the timed
sequence scaler mode of operation of the MCA,

The detector tube used a potential of 2050 volts dc
supplied by a Kéithley 242 high voltage power supply. A
107 count capacity RIDL 49-30A scaler with a 0-60 minute
timer was used to measure the total count rate being stored

in all 400 channels of the MCA. This was used to determine

drifts in SCA settings, absorber thicknesses, and background
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counting rates (using a .005 inch piece of brass foil).
5. Data Readout

The data stored in the MCA was read out on one inch
wide paper tape using a Tally 420PR perforator. This tape
contained the channel number (0-399 channels) and a six
digit number representing the number of counts in that
channel. Ordinarily these tapes were converted to punched
cards compatible with the UMR IBM 360-model 50 computer.
The data could then be processed by computer curve fitting
programs. | |
6. Data Processing.

A computer program provided by NBS called PARLORS
(for parabola-Lorentzian) was used to givé a least~-squares
fit to a linear approximation of the Lorentzian line shape.
The program was capable of fitting up to 20 separate peaks,
and resolving peaks that were separated by ébout three-~
fourtﬁs of the half width at half maximum. A background
parabola was also fitted to account for nonlinearities and
the inverse cosine effect. The program (described.in NBS
publications),!*’ is described and listed in appendix I.
The data and the computed fit are plotted on one plot for
comparison. A fesidual error plot could be used to show
any missed peaks or bad fits. This program takes about
30 seconds for each data éet of 200 channels with two peaks
to be fitted.

A "beryllium"¢orrection was added to the program after
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it was noticed that there was an iron impurity peak, causing
about 1% dip, which wés present with just a source and
detector. It was later found that the cause was an impure
aluminum foil filter between the detector and furnace. The
correction consisted of subtracting a peak of the magnitude
of the impurity effect. It was found that the experimental
magnitude was not easily determined and that the magnitude
affected the relative intensity of the peaks in the normal
pattern.

Another program provided by Belll*® called LORLSF has
constraints for equal linewidths and peak height, and it
has been used when lack of resolution caused PARLORS to
fail to converge. LORLSF uses iteration of a Taylor's
series expansion of the Lorentzian, where the parameters
are adjusted with reference»to their calculated errors.

The program is listed in appendix II. |
7. Velocity Calibration.

The velocity scale of the spectrum was determined by
using the inner peaks of a soft iron foil which have a
separation of 1.67 mm/sec. The center of gravity and
relative separations of the two mirror spectra were used
to determine the linearity and relative slopes of the
triangle wave, and were used to correct the isomer shifts
of the data to iron. See figs. 24 and 25.

8. The Experiment,

The experiment consisted of a 6 to 8 hour run,
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accumulating about 300;000 counts per channel. The count
rate was checked before and after each run, with a check"
of the background count rate between each run. The
temperature was changed in increments of 3 to 5 degrees
except near room temberature,where 10 to 20 degree increments
were used. The furnace was allowed to stablize over a
period of a half hour, during which the previous data were
read out. The gamma ray energy pulse height spectrum was
checked periodically, especially if drift was indicated by
the count rate. Changes were avoided as much as possiblé
because of the unknown effect on the area of the spectrum.
For this reason, the window was set to include as much of
the 14.4 gamma ray as possible without overlap from the
x-rays, with the hope of kéeping the signal to noise ratio
constant. Under these conditions, slight drifts in the
electronics only affected the tails of the energy distri-
bution.v Due to resolution problems With the linear
amplifier and preamplifier, this situation was not always
optimal.
C. THE SAMPLES

The samples were prepared using techniques developed
by Mrs. Lamar of the Materials Research Center at UMR.
Because enriched iron containing 80-90% Fe 57 was used,
spécial techniques were devised to prepare small samples to
conserve the enriched iron used. The oxides Fej’ 0,,

Bi203, Pbo, TiOz, ZrO2 were mixed in stoichiometric
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proportions for several hours using a mechanical mortar and
pestle. The mixtures were then wrapped in platinum foil

and placed in a morganite crucible containing the natural
iron mixture of the same composition and surroundea by this
mixture., The covered crucible was'thén placed in a furnace
and sintered at temperatures and times necessary for the
particular compound. The resulting powders were checked
using a Siemen's x-ray diffractometer for impurity phases
and completion of reaction. The sample was made into slurry
using acetone and spread eveﬁly on the beryllium foil, using
the vibration of a Vibrsmet'polishing wheel and hand motions.
No reaction with the beryllium foii was noticed. The
beryllium did discolor slightly on both the sample and the
opposite side of the. foil due to the high temperature
oxidation, but the powders did not become fused to or appear
to be reacting with the Be. It would not be expected that

reaction could take place at temperatures below 600°C in

these compounds.
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IV. EXPERIMENTAL RESULTS
The results are presented here in the form of graphs
and tables. The materials investigated were natural iron,
and three compounds containing about 5% BiFeO3 (prépared

using enriched iron 57); PbZr0,, 80% PbZro0

3’ 3

and 70% PbZr 03—30% PbTiOs. The first compound was

antiferrocelectric and the othersferroelectric.

-20% PbTiOs,

A. TRON CALIBRATION

For calibration, natural iron foil supplied by the
New England Nuclear Corp. was used. It was ..001 inches
thick with no specificaéions as to purity. Some foils had
rust spots on them, but efforts wefe made to select areas
without rust visible, The expected ferromagnetic six line.
spectrum was obtained. The intensity ratios of the peaks
were not checked, but appeared to be such that the seéond
and fifth peaks were more intense than normal for unmagnetized
iron. This would indicate that the foil was at least
partially magnetized. The peak intensity ratios for
unmagnetized iron are 3:2:1:1:2:3, while for magnetized
iron they are 3:4:1:1:4:3. Dash, et al.'*? report obtaining
values of 3:3,2:1:1:3.2:3. 1In our best detérmination, the
four inner peaks had ratios of 2.35:1:1:2.35. The
calculation of f was made with both of the published
intensity ratios, and an average value was used to establish
that no appreciable losses existed in the apparatus.

Only the two innermost peaks were used to calibrate
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the velocity, because the velocity range was restricted to
about *2.0 mm/sec, which ineluded only these peaks. The
spectrum is shown in fié. 26. The data are shown for three
different measurements in table VIZ One of these data sets
was made after the source of a small iron impurity peak, an
aluminum foil filter, was found and removed. This latter.
set of data does not include the errors introduced by
making the beryllium-iron correction used to remove the
effects of the iron impurity.

The linewidth of the iron spectrum peaks, obtained with
data using the beryllium correction, was about 1.55 times
the natural linewidth. The sample run after the iron
impurity was removed had a linewidth of 1.33 times the
natural linewidth. Typical values for copper source and
iron foil are about 1.3 times the natural linewidth.!®®

The calibration of the iron spectrum consisted of
assigning the velocity of 1.677 mm/sec to the splitting
of the two peéks and the Velocity of ~0.226 mm/sec to the
center of gravity of the two peaks. The célibration
constants were found to vary between the two mirror image
spectra obtained using the triangular drive waveform. These
are tabulated in table VII. The discrepancy from the
average, for velocity calibration using the isomer shift,
gave a measure of the nonlinearity of the waveform. The
result from the peak splitting gave a measure of the

difference in slope between the two spectra. The 4.2%
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TABLE VI.

DATA FROM ROOM TEMPERATURE IRON SPECTRA

SAMPLE POSITION AND LINEWIDTH  ISOMER  QUADRUPOLE AREA f, £, £,
NATURAL  x, fl x, r, SHIFT SPLITTING (arb.) Un-
IRON | | T
(VELOCITY WITH RESPECT TO TRON IN mm/sec.) Pol. Pol. Avg.
Be I(L) +.854 ,131 =-.823 .1u6 +0.015 1.680 8.335
Corr.  (R) +.828 .1u0 =-.849 .140  =0.008 1.661 8.192
: 0.55 0.92 0.74%
Be II(L) +.848 .140 -.828 .136  +0.008 1.688 8.298
Corr. (R) +.827 .137 =-.850 .139  =0.010 1.671 8.321
No Be TII(L) +.847 .127 =-.830 .134%  +0.006 1.697 7.080 | 0 o.su 0.67
Corr.  (R) +.828 .131 -.849 .128 ! =0.010 1.677 6.908 O . .
TABLE VII.

CALIBRATION FACTORS FROM NATURAL IRON
ELECTRIC QUADRUPOLE SPLITTING ISOMER SHIFT

K(Avg.) K(L) K(R)

K(L) - K(R) K(Avg.)
I. 0.01580 0.01598 0.01589 0.01690 0.01527 0.01608
II. 0.01572 0.01589 0.01580 0.01641 0.01514 0.01587
III. 0.01564 0.01583 0.01574 0.01625 0.0151u 0.01569
Avg. 0.01572 0.01590 0.01581 0.01652 0.01518 0.01585

K = 0.01583 mm/sec/channel

$0.0057

ANonlinearity = %0.042

¢8
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variation in isomer shift velocity calibration gives the
nonlinearity of the drive. The slopes were found to vary
by about 0.6%. An exaggerated sketch of the distorted
velocity waveform is given in fig. 27. The calibration

constant K is 0.01583 mm/sec/channel.

+ Velocity

<« Actual

Ideal+

1

ANonlinearity

Fig. 27. Representation of errors in velocity signal.

The f factor was determined using equation 37, since
the value of no, (no, = 9.57) is in the region where the @
correction is largef thap the F correction. This made
F(ngf_ ) converge faster than G(ngf_ ). The results are
summarized in table VI, An average value for f is 0.70
+0.15, roughly equal to reportea-values which range from
0.6 to 0.8.

B. 95% PbZr03—5% BiFed, .

This sample was prépared using the techniques described

earlier. It was sintered at 1100°C for 1.5 hours and then

air-quenched. The iron was 81.55% iron 57. The resulting
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TABLE VIII.

DATA FROM ROOM' TEMPERATURE SPECTRA OF SAMPLES

POSITION AND LINEWIDTH ISOMER QUADRUPOLE ~ AREA £, £, £,
COMPOSITION
X, Pl X, P2 SHIFT SPLITTING (arb.) Two Four Inhomo-
‘ Peak Peak geneous
(Velocity with respect to iron in mm/sec.)
95 PbZrO, I(L).627 .374 .162 .524 +0.395 0.466 7.575 .096 -- 0.66
5 BiFeO, (R).603 .354 .121 .440 +0.362 0.481 6.443
I(LA).519 .280 -.201 .280 0.720 *
(LB).279 .280 .039 280 +0.38% 0.240 218 12 o.u
(RA).501 -.282 =.219 .282 +0.376 0.719 5034 . ’
(RB).261 .282 .021 .282 : 0.240 .
No Be II(L) .640 ..199 .183 .307 +0.41Y 0.456 3.800 . oo __ 0.40
Corr. (R) .629 .251 .147 .418 +0,388 0.482 5.476 - .
PbZrgTi03 (L).691 .262 .119 .244 +0.405 0.572 7.570 . g, __ N
PbZr,Tis0s (1).702 .255 .100 .247 40,401 0,601 2,920 .. 0 4o
[J ] [ [ ] L ] + [ ] » L[] * - *
+ S%BJ.Fe03 (R).875 272 065 243 0.370 0.610 3.175

h8
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spectrum for the "beryllium" correction case is shown in
fig. 28, and for the no-impurity case in fig. 29. The
room temperature parameters for these two runs are listed
in table VIII.

The thickness of the sample was determined from the
measured absorption of gamma rays and the calculated
absorption coefficients (see Appendix III). The thickness
of the sample was .00857 gm/cm?. This is equivalent to
no, = 1.49 for Iron §7 in the sample. The resulting f
factor was 0.096 for the "beryllium" correction case,'O;bSS
for the no-impurity case and 0.12 for the four peak
"beryllium" éorrection éase. After considering inhomogeneous
broadening the value of f is increased to .64, .40 and .44
respectively for the above cases. These gave Debye
temperatures in the range of 180°-280°K.

The linewidth with Be correction was 4.4 times the
natural linewidth. The factor was 3.0 without iron
impurity and 2.9 with the four peaks and Be correction.

The isomer shift at room temperafure gave an ionicity
of 49% for the“beryllium?impurity case and 68% for the no-
impurity case. The empirical relation of Bhide, et al.!}!®
(fig. 12) was used, so that large changes in ionicity occur
for small changes in isomer shift. The results of Lyubimov,
et al.!2?* indicate an ionicity 43% for zirconium in PbZr0,.

The electric field gradient for the two peak case was

16 16

2.12 x 10 g;t For the four peak case; they were 1.08x%10
6V

and 3.23x10l SR A ratio of 1:3 was assumed for the
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splitting (see Appendix V).

The effect of temperature on the peak area in fig. 3Q
was to cause a broad dip between 170° and 190°C; These data
were taken as the sample was cooling. A possibility of two
dips in this range was indicated by the shoulder in the dip.
These would correspond to the presence of two phase transitims
in PbZrOs. The dielectric constant as a function of
temperature, in fig. 31, showed a transition at 200°:5°C,
with a Curie temperature of 150°C obtained from the
dielectric constant behavior above the transition temperature.
There was also a slight increase‘in-the dissipation factor
at 165°C, below the effect of the 200°C transition. This
could indicate the second transition from a ferroelectric
to an antiferroelectric state. It occurred both upon heating
and cooling of the sample, with about a 10°C hysteresis.

The electric quadrupole splitting versus temperature
is shown in fig. 32. The quadrupole splitting decreased
rapidly at 200°C, to ihdicate a phase transition from a
polar to non-polar state. There was a slight irregularity
at about 160°, which might be an indication of the second
phase transition mentioned earlier. There was a residual
splitting above 200°C, due to electric field gradients
generated by the differently charged B ions randomly
occupying the B sites of the lattice;. |

The isomer shift versus temperature is shown in fig.

33. There was a slight break at about 190°C, which may be
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related to the first order transition at 200°C. This was
uncertain due to the scatter of the data points. The
scatter was introduced by the poor resolution of the two
peaks in the spectrum using.the PARLORS program. The
LORLSF program used above 200°C gave less scatter to the
data. The slope above 200°C was about 2.15 x 107100k,
This was in agreement with the Dulong-Petit limit of
2,41 x 1071570k, | |

The "no impurity! data was not fitted to a four peak
spectrum due to the obvious inequality (fig. 29) of the
peaks. A model to fit this spectrum requires a knowledge
of the angular dependence of f, so that the Karyagin effect
can be estiméted. A fit can probably be approximated using
a fixed ratio of intensities for each pair and a fixed
ratio of splitting between the two pairs. The pattern
would have the makeup shown in fig. 34 which allows the

observed asymmetry.

f e 3 3 4 3 $ -4 ¢ i 4 3 4 +
¥ Y L

-Fig.34. Model for asymmetﬁic sbect}um;
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C. 95% (80% PbZr0,-20% PbTi03)—5% BiFe0

3 3

This sample was prepared by sintering 850°C for two
hours and then air quenching. The same microtechniques of
preparation and analysis were used as for the previous
sample. The room temperature-spectrum is shown in fig. 35.
The splitting of the two peaks was more noticeable because
of the reduced linewidth. The parameters of this spectrum
are given in table VIII.

The f factor was 0,19 using measured linewidths (2.6
times the natural linewidth), and 0.64 assuming inhomogeneous
broadening of the peak; The latter value was slightly less
than that for the PbZrO3 sample, The Debye temperature of
this sample was about 300°K, The thickness was 0,00839

3

gm/cm® of sample. The iron used in preparation was 90.7%

iron 57, This gdve no = 1,61 for iron 57 in the sample.
(See Appendix III).

The isomer shift was about equal to that of PbZrO3
and corresponded to an ionicity of 56%. The electric field

18 V/cm?®, larger than that of PbZr0,,

~gradient was 2.6 x 10
probably because of the larger ferroelectric polarization
of this system. The higher distortion of the system, as
indicated by the higher Curie point, should also result in
a higher electric field gradient.

The peak area versus temperature is given in fig. 36.

Three dips, which can be related to observed phase

transitions in the material, can be seen at 100°C, 230°C
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and 330°C. The lowest phase transition was observéd by
Cook’® using electrical measurements. Neutron diffraction
studies made at room temperature by Achenbach®® showed
that this system has a multiple-cell structure. Michel
and Moreau’? have since reduced the structure data and
shown that they corresponded to the space group R3c. At
higher temperature, there may be another phase, not con-
firmed yet, but thought to be an intermediate phase, still
R3c, but in which the oxygen's occupy special positions
rather than the general positions allowed by R3c. The
third ferroelectric phase is known to belong to the space
~group R3m and to be single~cell. Finally the material
becomes cubic, Pm3m. The dips in fig. 36 are quite broad
and indicate the possible influence of high temperature
electric conductivity on the relaxation time in the lattice.
The dip at 230°C is not well determinéa by this data, so
the intermediate phase is uncertain,

The electric quadrupole splitting (fig. 37) changes
with temperature, but seems only slightly sensitive to the
phase transitions at 120° and 270°C, The 330°C phase
transition is not outstanding, possibly because the
inhomogeneous broadening may mask out the splitting before
it reaches this'temperature. The PARLORS program was able
to resolve the peaks well above the transition temperature.
The large fluctuations in the data above 300°C may be due

to changes in the number of oxygen defects during the phase
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transitioﬁ.

The isomer shift versus temperature curve (fig. 38)
shows some slight irregularities in the slope near the
phase transition points at 130° and 340°C. These are not
well determined in terms of the error in the data, so exact
temperatures cannot be obtained. The slope of this curve
at high temperatures is about 2.2 x 10—15/°K, as compared
to the theoretical 2.41 x 1071°/°K,

D. 95% (70% PbZr0,- 30% PbTi0,)-5% BiFel,.

This sample was sintered at 850°C for two hours and
air quenched, using the microtechniques described earlier.
The room temperature spectrum is given in fig. 39. It is
very similar to the previous sample and was intended as a
check on the results obtained on the 80/20 sample. The
parameters of the spectrum are given in table VIII,

The thickness was 0.00456 gm/cm® of sample (see
Appendix III). The iron in the sample was 90.7% iron 57,
which gave no = 0.877. The area fraction, f, was 0.136,
using measured linewidths (2.6 times the natural linewidth).
If inhomogeneous broadening was assumed, then f = 0.42.

This gave a Debye temperature of about 210°K, somewhat
less than that for either the 80/20 or PbZrO3 samples. The
fact that the sample was half as thick may mean that the
signal to noise ratio was higher than normal.

The isomer shift was just slightly less than that of

the 80/20 sample and gave an lonicity of 54%, The electric
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field gradient was slightly larger, and was 2.72 x 1016 V/cm.
This indicated the slightly higher distortion and higher
Curie point of the 70/30 sample.

The peak area versus temperature curve in fig. 40 did
not show any sharp transitions, but changés.in the slope were
presenf at 300°C and about 100°C. The same sequence
of phase transitions was expected fo occur here as in the
80/20 sample, though the lower two transitions should be
lowered and tﬁe upper one increased in temperature. This
was hard to determine from these data. |

The electric quadrupole splitting as a function of
temperature given in fig. 41, also showed slight breaks
near these temperatUres,.again with a scatter problem above
300°C. A large splitting due to charge differences and
oxygen defects remained above the expected ferroelectric
transition at 330°C}.(

The isomer shift'(fig, 42) showed a kink at 70°C,
but was essentially a straight line untilkabove 340°C where
the slope appears to decrease. The slope was about

~15/0K above 340°C, but data werenot obtained far

1.8 x 10
enough above this point to insure that the slope was not
affected by the specific heat of transition. The slope
below 340°C was 2.51 x 1071°/°K,
E. SUMMARY

The data show the presence of phase transitions, and

suggest some of the mechanisms involved. They also show

the effect of the thermodynamical parameters of phase

’
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transitions., Table IX gives some of the special fraction
observations for these three samples. The dip in area at
the highest transition in all three saﬁples was about
10% + 3%, The areas of the dips varied widely due to
nearby transitions and/or broad phase transitions. Since
the dips were not well defined, no attempt was made to

relate areas to lattice mode intensities.
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TABLE IX.
SUMMARY OF DATA

SAMPLE’ TRANSITION TONICITY ELECTRIC DEBYE TEMPERATURE
TEMPERATURES FIELD
GRADIENT £ op op
2
(V/cm®“) (dvic) (W)
95% PbZro, ‘I. 200°C, 165-175°C  48% 2.12x1018 .66 201°K 2840k
5% BiFe0) (3:1) 1.08x10Tf .44 ---  198°K
IT. 69% 2.10%x10%% 40 207°k 189°K
95%PDZrgTi,0,4 330°C, 230°C,100°C 56% 2.57%x10%% .s4  30u°K 273°K
Q%BiPeO3
95%PbZr, Ti,404 310°C, 170°C, 70°C 54% 2.72x20%% .42 188ex 190K
5$BiFe0, ; ‘

LOT
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V. DISCUSSION OF RESULTS

The samples measured show about the same qualitative
behaviour near phase transitions, despite the differences
in the structures and lattice mode spectra. The suggestion
of Dvorak,!%® that antiferroelectric phase transitions
should reduce the ﬁossbauer effect more drastically than
ferroelectric phase transitions, was not confirmed by this
experiment. Rather, the results indicated that phase
transitions from cubic to antiferrocelectric and to
ferroelectric are quite similar, Recent measurements®128328%
on temperature dependent zone boundary lattice modes do not
show that the mode aepends on temperature over the whole
zone as suggested by Silverman®’ and hence it appears that
Dvorakts conclusion was incorrect,

In the ferroelectric phase transitions investigated
here, the dielectric constant - temperature curves do not
have very sharp peaks, thus indicating diffuse phase
transitions. This has been observed also in both dielectric
and Mossbauer area fraction data on the rhombohedral phase
transition in BaTiOs.s“

The phase transition'in lead zirconate may be split
into two parts when impurities are added.’? The sequence
of phases is from cubic, Pm3m, to a ferroelectric phase
'(possibly rhombohedral R3m), and then to the antiferroelectric
phase which.is orthorhombic, multiple cell, and has space

group Pba2, The intermediate phase is usually quite narrow
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in temperature range, and determined mainly by means of
hysteresis loops, rather than by x-ray diffraction.

The phase transition for the rhombohedral ferro-
electrics 80/20 and 70/30 is probably in the following
sequence:

I. Room Temperature to 100°C. This structure is

rhombohedral double-cell, R3c. The oxygen, besides being
displaced along a face diagonal, are displaced slightly off
the diagonal. The A and B ions are displaced along [111]
to give the ferroelectric dipole moment.

II. 100°C to 200°C. This structure results from the

oxygen returning to the face diagonal. The oxygen are now
centrosymmetric, but the A and B ions are still non-
centrosymmetric. The structure is double-cell rhombohedral,
R3c.

III. 200°C to 300°C. The oxygen displace to reduce the

structure to single;cell rhombohedral R3m. This places the
oxygen iIn noncentrosymmetric positions displaced perpendicu-
lar to the face of the perovskite cell. By this time the

A and B ions have become less shifted along [111], so the
polarization‘is reduced.

'IV. ~ Above 300°C. The ideal cubic perovskite structure,

Pm3m is found, and the material is paraelectric.
The temperatures are only typical for the PbZr03-
PbTiQ3 system. The phase transitions may be of second

order because of the small changes of symmetry in the
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crystal, but classification is difficult.

The area versus temperature measurements suggest that
there are intermediate transitions I-II and II-III which
may be due to zone edge lattice modes, since dielectric
measurements do not show these transitions. The group-
theoretical analysis of Cochran and Zia arrives at the
same conclusion.

Lead zirconafe shows a dielectric anomaly due to a
k = 0 lattice mode, with a Curie point of 150°C, but the
transition takes place at about 200°C, because of a mode at
the zone boundary, which also becomes unstable. The
suggestion of an intermediate ferroelectric phase is based
on the rise in the dissipation factor and the broad
irregular dip in area fraction obtained near the transition
temperature. This may be a two phase region or simply an
electrically imposed transition which occurs quite readily
in the broad, soft region indicated by our measurements.

The f values determined from this data indicate that

PbZr0, is the most rigid lattice, as do the isomer shift

3
predictions of ionicity, which make it more covalent than
the ferroelectric compounds. This indicates that the
strongly distorted structure has more bonding overlap or
covalency. The two ferroelectric compounds show quite
different f values and Debye temperatures, while the

ionicity is about the same. This may be due entirely to

the change in transition temperature of the I-II phase
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which indicates a softer lattice, and hence a lower f, for
the 70/30 sample.

The electric field gradients of the different sampies
are in accordance of their expected polarizations. The
decrease of the electric field gradient with increasing
temperature seems to be directly connected to the polari-
zation of the lattice, except for'the splitting caused by
the charge differences at the B sites and possible oxygen
defects. The values of the electric field gradient are

about those obtained for BiFe0.,12® but about twice as

33
large as that for BaTiOs.?1 ;
The electric field gradient for PbZrO3 is complicated .
by the existence of two zirconium sites in the lattice which .
have different electric field gradients. These gradients
seem to be due to the polarization along the z-axis and
hence not related to the antiferroelectric structure in the
xy plane. There is a possibility of a small contribution
from the apparent phase transition near 170°C due to
antiferroelectricity. Recent attempts have finally
succeeded in fitting the spectrum‘fo four peaks. Problems
still exist in fitting the ‘asymmetry in the peaks, so no
estimates of the Karyagin effect are available. TFor the
other samples the peaks are very symmetric.
The inhomogeneous broadening in this experiment is due
to the charge inequality of the A ioms (Pb2+, Bi3+) and the

L+ 3+)

B ions (Zru+, Ti , Te . The random array of these ions



112

in forming the ?ompositional solid solution introduée at
least four different local electric field gradients on the
Fe®* ion, as given by Bell.!?!

The calculation of the electric field gradients thus
becomes very difficult, since exact bonding strengths,
atomic positions, and knowledge of oxygen defects are
needed to reproduce the effect of the broadening. A good
measurement of the structural electric field gradient is
not possible, because the two effects interact to give only
an average effect which may be larger or smaller than the
actual effect, depending upon the probability of the
different states. If we assume the same effect for all
the samples, then intercomparison can be made.

It appears, since the splitting of the peaks above the
expected transition temperature increases with addition of
PbTi0,, that part of the effect is due to the size
difference of the Zr'' and Ti'' ions. Thus the splitting

is due to a combination of the charge differences of Fe3+

3+ and Pb2+) and the size differences of

and zr't (and Bi
Zr and Ti. The contribution of each may be roughly equal.

Data run with 95% PbTi03—5% BiFe0, showed a much reduced

3
splitting above the transition temperature, so that Ti is
probably a more compatible ion than Zr with Fe in the

lattice. This is in accordance with the ionic sizes given

previously.

The computer programs used in analyzing the daté
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could perhaps be improved, and this might result in reduced
scatter of data points. There are now available non-

linear regression prograﬁs, which give rapid convergence and
valid minimum tests for the least squares fit of the data.
The PARLORS program could ohly test the error between
interations, while the LORLSF program is slowly convergent
with no test on the leést square errors. It appears very
unlikely, however, that a change of programs would result

in appreciably different conclusions.
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VI. SUMMARY OF RESULTS

The significant new results obtained in this experiment

were as follows:

l‘

The similarity of antiferroelectric and ferroelectric
transitions in perovskites with respect to the Mossbauer
effect data has been established. -

The lattice mode béhavior with temperature appear to

be similar for antiferroelectrics and ferroelectrics.
The polarization of the antiferroelectric lattice is
evident in the electric quadrupole splitting data.

This is mostly due to displacements along the c-axis of
the zirconium ion,

The linewidths for fhe antiferroelectric were much
wider than for the ferroelectric. This is explained

by the two non-equivalent sites for zirconium in

PbZro0,, which.give two different electric field

~gradients. A fit has been obtained using four peaks

which give linewidths nearly as narrow as for the other
samples. There is still a problem in fitting the

asymmetry of the peaks in PbZr0 Single crystal

3.
measurements as a function of incident angle and applied
field are required to separate the anharmonic contri-

butions to the f- factor from the electric field

~gradient.
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APPENDIX I.

' PARLORS COMPUTER PROGRAM MODIFIED FOR IBM 360-50

This program!'*’ makes a least square fit of the data
to as many as twenty-one Lorentzian line shapes and a
background parabola. This parabola approximates the effects
of nonlinearity in the drive or certain geometric effects
due to the source moving with respect to the detector. The
basic equation to be fitted is:

n A

yx) = () — i ) + E + Fx + Gx2 (A-I-1)
1=1 1 + h;(x - pi)2 :

where Ai is the height of peak i,
P is the position of peak i,
h. is the inverse square of the HWHM of peak 1i.
The peaks are fitted using the criterion that:
n
S :521'[yj(obs.) - yj(calc.i] be a minimum. »(A—I-2)'

To make the calculation easier, the equation (A-I-1)

is linearized by first setting:

h. = H, + 6. with §6.<<H,, and
1 i i i 1
. = P. + y. wi . ..

P; Pl Y3 with Yl<§Pl

The result is then expanded using the binomial theorem, and

higher powers of Y; and Gi are neglected to give:
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, _ _ 2
. n A. 2AiHi.(xJ P:)Ys .Ai(x P.J)°8.
y] = 1 Q ¥ 2 - 2 *
1=1871] Qij Qlj
+E+F X, + G x;: (A-I-3)

. = o 2
Qhere. Qij = (1 + Hi(xj pi) ).

This is then minimized according to equation (A-I-2)to form
the matrix elements of the least square matrix equation.

The program calculates the parameters; Ai? E, F, G, Yso
and Gi, from which new values of Pi and Hi are calculated
and the next iteration is begun. The program stops if the
difference between iterations is less than the specified
error or speéified number of iterations, whichever comes
first. The program also faults if the matrix is singular,
because no unique inverse can be found for it. The program
tries to make adjustment for large errors by altering the
halfwidth until usable values are obtained.

The program prints ouf the parameters of the fit, error
analysié, and plots of the data and fit. The error analysis
is described in NBS technical note #404.1%7 The program
consiéts of the main control program and three subroutines;
READLD, DPINVS, and PARLOR. The first reads in the data
and prepares it for analysis. PARLOR does the main curve
fitting and output control including the plotting and error
analysis. DPINVS is a double precision matrix inversion

routine used in solving the least square matrix.
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The data cards are arrangéd in the following order:
I. NSETS is the number of data sets to be analyzed,
Format (12).
ITI. The following list of cards is to be placed in front
of each data set, except as noted for channels 400-201 in

one of the options of MO (4).

1. MO(l) = 0, Plots on Calcomp Plotter. (4I2)
= 1, Plots on High Speed Printer.
2. MO(2) = 0, Does not plot Residuals on Printer.
= 1, Plots Residuals on Printer.
MO(3) = 0, Does not print out calc. and expt. data.
=-1, Prints out calc. and expt. data and
residuals.
MO(4) = 0, Analyzes 400 data points.

< 0, Folds 400 data points and analyzes as
one set of 200 data points. _

> 0, Analyzes first 200 data points and the

second 200 data points separately as two

data fits.

2, Subtracts Beryllium Impurity correction.

1, No Beryllium correction.

2. IT is maximum number of iterations to be allowed.
ER is the maximum error to be allowed. (I2,Fl4.4)

3. OV is number of overflows in lO6 memory in data.
(F4.0)

4. ALABL(I), I
5. ALABL(I), I
6. ALABL(I), I

1,18; Data Label, first 48 characters

19,36; label plots, last 72 characters

37,54; label number of data points
analyzed. = (18AY4),

wonn

7. FO is background correction factor, (4F10.7)
PP is position of beryllium correction peak,
H@ is the half width of Be correction peak,
R® is the relative height of Be correction peak.

8. J is the channel number of a bad channel (I3).
Numbering is on basis of 1 - 400, or if analyzing
data in 400 - 201 range, J = 400 - J

Blank card terminates set of J.

observed.
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3. Rl is position of peak 'in spectrum (guess) (3F7.4)
R2 is half width of peak in spectrum
ER1 is individual error limit for particular peak
(ER1 = ER if not specified).
One card per peak, terminated by blank card.

10. RW(J), J = 1,8; Data Cards (8(4x,F6.0))
25 cards if MO(4) > 0 and 50 cards otherwise.

1l. VEL is Velocity per channel in mm/sec (2F10.6,I2)
XZERO is the channel having zero velocity
NVEL 0 No velocity scale on plot
1 Velocity scale on plot
2 Velocity scale and resolved Lorentzian
peaks are plotted (Useful in case of over-
lapping peaks). '

Several special features of the program, not discussed
in the NBS notes,!*’ are discussed here. They are the
beryllium correction, background correction and the variable
data input.

The beryllium correction was introduced when an
impurity peak was observed in‘the spectrum and was thought
to be due to iron in the befyllium foils used in the
furnace and counter tube window. It has since been found
that the fault was in an aluminum foil filter used to reduce ’
the X-ray intensity.  To use this feature which amounts to
stripping the spectrum of a single Lorentzian having the
parameters specified by PP, H@, RS on data card number 7.

To usé the routine, MO(4) must have the absolute value of

2. If the beryllium correction is made, the output
specifies the peak parameters and states that the correction
has been made.

‘The background correction is used to get relative area

fractions by subtraction of the non-14 kev radiation that
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gets into the counter and discriminator window. The value
of F@ gives the experimentally determined ratio of the
background count rate to the total count rate. The total
count is measured by using a scaler to count the events
stored during one minute. The background count is measured
by placing a .005 inch Brass filter betweeh the Source and
Detector, to eliminate the 14 kev radiation, and then .

observing the count rate for one minute again.

D Y Ly
Fo = background (A-I~5)

z yobserved

= - A (A-I-6)

where ' zyobserved Aparabola peaks.

This gives the final correction as

' A o A
F = background = Fp ‘(1 - _PEEE____) (A=I-7)
Ymaximum parabola

where A 1is area,
y is number of counts.

This gives the area fraction to be: .

: o AL
AREA FRACTION = D) (A-I-8)

here .
w ymax1mum

parabola at the position of the peak having area A

is determined from the value of the
peak’

The data input is arranged for use with both a triangle
wave spectrum or a flyback spectrum. For the triangle wave,
two mirror image spectrum are generated in channels 1-200

and 400 - 201 respectively. There are two-options in
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analyzing the data.

1. The data can be folded by adding the two halfs;

y(I) = y(I) + y(401 - I).

2, The data for each half can be analyzed separately.

The latter case is probably more useful since estimates
of non-linearity and other errors can be oﬁtained and
corrected for. The folding routine is useful to subtract
out the geometric background contribution present with
large amplitudes of source motion. If the data is analyzed
separately, only data cards II-6 on down have to be used
for the second half of the spectrum.

For the flyback or sawtooth velocity waveform, the

0 - 400 channel data format is usgful.
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APPENDIX II.
" 'LORLSF COMPUTER PROGRAM
This program obtained from Dr. R. O. Bell'*® was used
at Boston University by Dr. Gilbert Hoy's group. This
program was adapted.to fit two peaks having equal heights
and widths, in cases where resolution of the two peaks was
impossible using the PARLORS program. The data is fitted

to the following equation:

- ' 2
y = a; + a2(x - 100.5)%* +

¥a,[- 2' L — + 2‘ L -1 (A-II-1)
1+ as(x—ae-au) 1+ as(x—a6+aw)

where: a;,a, are parameters for the background parabola,
3 is twice the.height of the individual peak,

a, is-half the splitting of the two peaks,

ag is the inverse full width at half maximum

ag 1s the center of gravity of the two peaks.
The method used in this program is to make a Taylor series
expansion of y in term of ays 8y5 a5, 3y, g, g, and then
to make a least squares fit. Terms of higher order are not
included in the.expansion. The rms error 1s then calculated
and a delta error is found for each parameter which is used
to make a new guess for.each parameter for the next
iteration. The program goes through a fixed number of
iterations since convergence is slow and depends strongly

on initial guesses.
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The input has been made to conform with- the PARLORS
format as much as possible. The required cards are:

I. NSETS is number of data sets to be analyzed. (2I3)

IDX 0, Analyzes 400 data points,
1, Analyzes first 200 data points and then the
second 200 data points separately as two data

fits. Second data set starts with card #5.

(1 1)

II. These cards appear in each data set, except for second
half if IDX = 1, when only cards 5 to 11 are needed.

1. MAX is Channel number of last data point, = (3I%)
MIN is Channel number of first data point,
MPLOT 0, Data is plotted on printer,

1, Data is plotted on plotter.

2. 0V is number of overflows of 106 memory to be (F4.0)
added to the data.

3. ALABL(I), I=1-18, Labels data, First 48 characters
- label plots
4. ALABL(I), I=19-36, Last 72 characters label.

each
5. ALABL(I), I=37-54, half of the spectrum separately.
(18A4).,
6. FP is background correction parameter (4FL0.4)

PP is position of beryllium correction peak
HP is the half width of Be correction peak,
R® is the relative height of the Be correction

7. RW(J), J=1-8, Data cards, 25 cards for IDX=1,
' 50 cards for IDX=0
(8(uX,F6.0))

8. XZERO is channel having zero velocity (2F10.6, I2)
VEL is velocity per channel in mm/sec,
NVEL 0, No velocity scale on plot,
1, Velocity scale on plot,
2, Velocity scale on plot and plots the two
peaks separately. '

" uu

9. A(l) is baseline normalized to about 1.03 '(2F8.6)
A(2) is the parabolic contribution parameter, about
zero,

10. A(3) is twice the height of the single peak
A(4) is half of the peak splittimg
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11. A(5) is the full width at half maximum
A(6) is the center between the two peaks.

The program consists of three parts, the main least
square analyais part, and two subroutines, DRAW which plots
the data, and MATINV, which inverts the least squares
matrix. The same program can be modified to fit any number
of peaks having the same linewidth, or to fit other
specified constraint equations by altering the Taylor

Series coefficients.
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APPENDIX III.

ABSORBER THICKNESS CALCULATION AND MEASUREMENT

The absorber thickness was optimized to give the maximum

signal to noise ratio. The calculation was due to Banks,!?

9

with the result for solid solutions with BiFe0.:

mT

where m, is the
is the
c. 1s the
1s the
1. 1s the

nu is the

‘absorption coefficient for j

k, is thé

3
...... o2 Uk e
= —T}c— 1n (1 + S N S (A-ITI-1)
HyyCy : ulcl+§ “jcj
j

total mass of the sample (gm/cm?),
concentration of BiPeOs{

concentration of the jth component,
absorption coefficient for BiFeO3 (cm?®/gm),

th component,

resonance absorption coefficient for BiFeOs,

57

concentration of Fe in BiFeOs.

Using 80% enriched iron, values of mn are approximately

20 mg/cm?, corresponding to about 0.14 mg/cm® of Fe®7,

The mass absorption‘coefficients and calculated values of

m;, are included in table X._

The measurement of sample thickness was necessary for

accurate detérmination of the f factor. The measurements

were difficult to make mechanically, due to the geometry of

the sample holder, and the difficulty of obtaining an even

layer of sample on the Be foil. The samples were weighed

before being placed in the sample holder, but estimated

thicknesses failed to agree with gamma ray absorption

.



TABLE X. ' .

MASS ABSORPTION FACTORS AND OPTIMUM THICKNESSES OF SAMPLES

'SAMPLE’ ATOMIC MASS PERCENT OPTIMUM USED . MEASURED
MASS  ABSORPTION IRON 57 MASS MASS MASS no,
FACTOR  IN IRON
2 .
(£ <E—7’“ ) ‘<E—fm ) <8—7m )
g cm cm cm
Natural Iron  55.85 69.0 2.16 27.7 18.5 16.3 9.57
BiFeO, 312.85  102.8 2.16 19.3 - — —
' 30.0 15.9 — _— _—
PbZr0, 346.43 86.9 — — — . -
PBTiO, 303.11 97.3 - _ — . -
- 85% PbZr0, UL.75 87,7 81.5 22.5 3.1 8.5 1.49
5% BiFeO, . .
954PDZr Ti, Oy 336.52  89.6 90.0 22.0 - 26.3 8.4 1.81
5%BiFé03 '
95%PbZr,Ti,05 332,40 - 90.6 0.0 21.8 . ' 39.5 4.5 0.88
S%BiFeO3

B6ST
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measurements. The geometry of fhe furnace restricted the
usable area of the sample holder to.about 1/2 inch in
diameter on a 3/4 inch diameter disc, reducing the area by
a factor of two. bThe thickness was finally measured by
comparing gamma-ray count rates for an .001 inch thick iron
foil and for the sample. Using the calculated absorption
factors,'52 the thickness of the sample was obtained from

the equation:

= | (A-III-2)

where I 1s the measured count rate,

p is the mass absorption coefficient (cm?/gm),

t is the thickness (gm/cm?).
The ratio was used to eliminate the effects of the back-
ground and absorption due to the Be foils and counter tube.
The thicknesses of the samples were found to correspond to
less than half that expected from the amount of sample used.
This was not entirely unexpected, since some of the sample
seemed to pile up at the edges of the sample holder and even
seep under the retaining ring.

The factor ng,, is the number of Fe®’ nuclei per unit
cross section of resonance absorption. It is calculated
from the thickness using the foll;wing expression:

- CpaS7

ne =t—=_204¢g (A-III-3)
. o - A o
Fes 7
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57

where n is the number of Fe®’ nuclei per cm?,

o, is the resonance cross section for Fe%7

18

(2.26 x 10 ~"cm?®),

t is the measured thickness (gm/cm?),

57

Cpas7 is the concentration of Fe’’ in the sample,

NO is Avogadro's number (atoms or nuclei per mole),
Ap.s? is the atomic mass of Fe®’ (gm/mole).

The result of these measurements and calculations are

summarized in table X. Since the accuracy of the f-

" determinations and the Debye temperature depend on these

measurements, the results for the iron foil are also

calculated and are found to correspond fairly well with

expected results.
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APPENDIX .IV.
CALCULATION OF f FACTOR AND‘DEBYE TEMPERATURE

From equation 36 or 37, the value of f can be
determined quite easily using the experimenfal data and the
sample thickness. An iterative procedure, using Figure 14,
starts out with the thickness correction factor, G or F,
equal to one. A value of f is calculated from which a new.
G or F can be determined. This is repeated until f is
obtained to sufficient precision. Since the graphs are
quite hard to interpolate from, the precision is limited to
the second decimal place in f.

The Debye temperature can be estimated from figure 1.
Two methods of calculating eD more exactly are available.
The equation f = e 2¥ relates 6 and f thru a function ¢(%)a
This function is numerically tabulated? since it is not

easily solvable. A self-consistent solution for 6p requires

iteration using the equation:

x = & [1+64CZ(x) 1% (A-IV-1)
. 0
where: x = TQ
24
C = ~ Mo kT n f
3E?
o
! 1 x tdt
Z(x) = 22(x) = 2 f9 t-1
and E is the y-ray energy,

M is the mass of the emitting atom,

c i1s the velocity of light,
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k is Boltzmann's Eonstant,

f is the Mossbauer fraction,

T is temperature in degrees Kelvin.
The calculation proceeds with a guess for Z(x) from which
x is calculated. This x determines a new value of Z(x).
This is repeated until x and Z(x) are consistent to the
desired precision.

8

The other method derived by Taylor and Craig!?®® makes

use of the dependence of f on <x?> and the second order
Doppler shift Q%X) on <v2> of the atom. The result is
given in eqn. 38. They used the ratio of log f/(%z) to
eliminate the troublesome integral ¢(x) and to give the
Debye temperature directly. The determination of the ,
isomer shift-temperature slope can be complicated by the
effects of a nearby phase transition. The contribution of
anharmonic effects to the f factor is not known, so that
the Debyé-Waller factor may be unsatisfactory in determining

8, from f. The second method eliminates the need of knowing

D
the anharmonic contribution to the Mossbauer effect, by

v

dividing out the effect present in both f and = This

method gives Debye temperatures consistent with specific
heat measurements in the case of some diatomic alloys.!3®
The anharmonic effects in our samples are apparently small,
since the Debye temperatures differ by about 20°K from the

straight harmonic approximation.

The effect of linewidth on f is another problem in
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these experiments. The linewidths are 2.5 to 4 times
larger than the natural linewidths,so that the cause for
broédening must be considered. The factor of 4 can be
reduced to 3,if four peaks are fitted to the antiferro-
electric sample. The broadening is not strongly dependent
on temperature even near phase transitions, so that it is
probably not due fo long relaxation times in the léttice.»
It was suggestedby Bell!®! and Stoneham’?? that random
distribution of differently charged atoms caused an
inhomogenedus broad peak composed of‘many pe;ks,havihg
natural linewidth,positioned close together. Assuming this
to be true, . f has been calculated using the lihehidtﬁ
obtained for iron foil. The increased value of f ga&e
higher Debye temperatures. The values obtained are more

reasonable in terms of the fairly rigid .perovskite lattice.
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APPENDIX V.
ELECTRIC FIELD GRADIENT APPROXIMATION FOR PbZr03.

A rough estimate of the electric field gradient in
PbZrO3 has been obtained using the structural data of Jona,
et al.?’® and the internal electric field data of Lyubimov,
et al.'?5 A large polarization of about 25uC/cm? has been
estimated by Jona, et al.’® to fit the structure (see figs.
8 and 43). The displacements in the ab plane are anti-
parallel giving the antiferroelectric effect. The
polarization along z is apparently strongly bound so that
no reversal can result at room temperature.

An examination of the electric fields calculated assuming
the spontaneous polarization wés zero gave the séme
conciusion. In the ab plane, the fields have alternating
sigﬁs and are smaller than the fields along.the ¢ direction.

A linear chain model was used to estimate the electric
field grédient for the two zirconium sites. The chain is
actually puckered at angles of 10°. The chain is diagramed
in fig. ui. '

The electric field gradient wes approximated by a finite
differences equation for each ion in the lattice by:

'§§‘='ECZ¥AZI'A ECz) (A-V-1)
9Z Az

where: E(z) is the electric field at z, directed along z,
Az is the distance between ions.

The resulting sum equations are:
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@ O Qo O

FiG. 43, Representation of the oxygen and zirconium
displacements along the c-axis.

E E E
A eV e
O———0O —{ ) —_r—
*F‘Aaﬁ—*+f%bc
<A
ac
Fiec., 44, Linear chain model used to calculate the electric

field gradient due to the polarization of the
zirconium atoms in the lattice.
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o 2. ... E =E. . . ....EBE <E... ... .. '
o . o
gz‘ = 3 P + a b (A-V=2)
n=-42 Abc + 2nAac ~Abc + (2n—l)Aac
2 .. .E -E. . . ... .E =E.......
and “3EM = a~"p + b (A-V-3)
0Z n=-=£ A + 2nA A + (2n-1)A
ac be ac

be

where . 2 is the number of lattices in the sum.

The values of Ea = E_

O.

Ep = Egpy OF Egy
EC = 'EOo'?

o
Ap, = 1.92A

o
Aac = 2,25A

o
Ay = 4.17A

gave values of

N . ' B . . :
%%-= 367 x 1078 Y ang
cm?
o o
%%- = -1.087 x 10%% V.
C:]'n2

The effect of the opposite signs was to invert the
energy levels of the excited state. The relative splitting
was the ratio of the two electric field gradients. This

Vypn o 1.087
< 7367

ratio was = 2.97 or nearly three for PbZrl,.

sz'

This ratio was used in modifying the LORLSF program to
fit four Lorentzians at the positions x_ * A, x_ + 3A. The
Lorentzians are constrained to have the same height and

linewidth. A good fit was obtained for the PbZr0, data



TABLE XI. ..

LATTICE PARAMETERS AND ELECTRIC FIELDS FOR PbZrOB.

A E :
ATOM § % ;73 (or)‘ x E, E, |E|
' A Field times 10° volts/cm.
- .

Pb' .706 .127 .000 . 26A -2.091 -2.566 -3.046 4,498
PbH" .706 127 .500 .26 -4,957 5.392 4,728 8.718
Zr! .243 .124 .250 .04 1.059 -4,0558 11.180 12.227
VA .243 124 .750 0L -0.137 2.060 9,533 9.754
Ol' .270 .150 .980 .35 =1.427 1.320 5.499 5.794
Ol" .270 100 480 .35 -3.452 -4,120 7.571 ‘ 9,285
02' .040 .270 .300 .53 -5.135 -3,066 -4 ,604 7.548

2" .040 .270 .750 .34 -1.112 -0.275% 0.901 1.458
03' .000 _ .500 .250 .00 0.00 0.00 2.515 2.515
03" .000 .500 .800 LUl 0.00 0.00 -3.215 3.215
04' .000 .000 .250 .00 0.00 0.00 0.722 0,722
04" .000 .000 .800 JU41 0.00 0.00 ~-0.495 0.495

(o] [+
a = 5.884 A b= 11.768 A c =

. . o]
8.220 A

83T
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that required *beryllium”correction using A = 7.5 channels.
Attempts with 4 = 5.5 and 10. gave larger errors. The

data for PbZr0, which did not need the"beryllium’correction

3
were definitely asymmetric. No attempt has been made to fit
this with more than two peaks. The modification to LORLSF
to fit unequal heights introduces at least one more

parameter and convergence is less sure.
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