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ABSTRACT

The EQI 1in polycr;stalllne (Pbo 925 Bao 075)Z1'0 has been investigated
in the temperature range. 22 C - 240% -~ 22° C by time differential perturbed
angular correlation measurement. For the application of this teehniéue
(Pb0 9257 Bag 075)ZrO was doped with sma11 amounts of radioactive Hflel. Ac-
cordlng to crystal structure studies this compound exhibits phase transitions
at 175 c® (antlferroelectrlc * ferroeletric) and at . 250 C (ferroelectrle
> paraelectric); it exh1b1ts too a large temperature hysteresis at the lower
transitlon( ). We were able to show that the e1ectr1c field gradient (EFG)
exhibits a sharp discontinuity at approximately 170 C, corresponding to the
flrst phase transition, and slightly sharp discoptinuity at approximately
200 C, corresponding to the second phase transition. In the cubic phase a
remaining EFG is observed, which is probably caused by lattice imperfections
in the source. We were not able to show any variation of the EFG following
the hysteresis loop.

The measured EFG and the measured assimetry coefficient of the EFG were
compared with the result of a lattice sum calculation. As until now there

0,9257B80, 07572703
we established g criterium of atomlq dlsplacements based on the atomic dlspls—

is no any study of the variation of the cell parameters of (Pb

cements that occur in Pb ZrO3
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I. INTRODUCTION

.~

(Pbo.925; ag, 075)ZY0 'is “a’compound with a perovskite-type struc-
ture. The perovskites show a tendency toward the formation of ferroelectric

and antiferroeleétric phases. In utilising various techniques such as dielec-

tric constant measurements(]), neutron an X ray d11"1-‘r'ac1:1on(2 3)

(4,5,6)

Mdssbauer
spectroscopy a lot- of 1nformat1ons were stored about the phases and
phase transitions of perovskites._'As a consequence, a considerable know-
ledge has. been gathered about tﬁe>stru¢turé;‘the}dielectric properties, the
bound character and the lattice dynamics of ferro- and antiferroelectric pha-

ses in perovskites. This paper presents a study of the temperature depen-

dence of the EFG in polycristalline lead-barium zirconate (Pb0.925-8a0.075)2r03

by the time differential PAC technique. As the EFG is a measure of the in-
ternal charge arrangement‘in the compound, its 1investigation  coutributes,
possibly, to the understanding of the collective phenomena' in ferro- and

antiferroe1ectric substances.

Systematic studies of the EFG in ferro- and antiferroelectric com-

pounds are in the‘feferences (4-9).

As thére is not-é convenient isotOpe of Zr for the utilisation in
PAC, (Pb0'925-8a0.075)2r03. was doped with extremaly small amounts of Hf]81,
an ideal nucleus for PAC according to its intermediate level 1life-time and
isotope life-time. Hf s immediate]y”below_Zr in Mendeleiv's table of
"chemical elements and they thow a pronounced similarity in- thefr chemical
behaviour; coﬁsequentTy; it CGUId be ekbected  that the doping of
(Pb0 925-Ba0 075)Zro3 by sma11 amounts of radioactive Hf does -not change

the properties .of the compound, and that the I-If4+ ions  substitute Zr ions

r

N
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in regular sites of the (PbO.QZS'BaO 075)Zr03,1attice.

II. PROPERTIES OF LEAD ZIRCONATE (PbZr03).AND LEAD BARIUM ZIRCONATE

(Pby, 9257B2g 75)Zr04

Since lead barium zirconate can be considered as the result of the
replacement of Pb by Ba 1in the Pb Zr03, we shall shortly discuss the
dielectric and ckystallographic properties‘of these compounds. The most
characteristic features of Pb Zr03, obtained by the Study of a single crys-

tal, ére as fo]]owé(g)

a) Pb ZrO3 belongs to the perovskite family, and has two phases with dif-
ferent lattice structures. Below 230°C the unit cell is pseudotetragonal

with c/a < 1; .above this temperature it is cubic.

b) In the tetragonal phase the dielectric constant increases with tempera-

- ture to reach a maximum at the Curie-temperature of Tc = 230°C. In the

cubic phase the compound is parae]éctric and the dielectric constant decre-

ases with 1/(T-T )
c

c) On application of external electric fields up to 3okv/cm no hysteresis
loop is observed. At higher fields the compound changes from the anti-to

a ferroelectric configuration, giving rise to a hysteresis.

d) An X-ray ana]ysis of the tetragonal phase shows besides the main lines
due to the perovskite structure some extra, so called super-1att1ce Tines.

A careful examination of these 1ines combined with additional neutron dif-

3)

fraction studies( proves the antiferroelectricity of Pb Zr0,. The ana-

lysis shows that, with respect to the ideal perovskite structure, Pb atoms
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suffer antiparalle] shifts along the original cubic -[110] - direct1bn, the
oxygen atoms os well suffer antiparallel shifts within the (001) -plane ani
in addition unbalanced antiparallel shifts along the C - direction. The nu-
merical values of these shifts are listed in table II of the ref.(3). These
antiparallel displacements destroy the simple periodicity of the 1lattice
structure. Periodicity is only regained by combining several unit cells to
an ortherombic supercel].. The superlattice created is this way gives rise

to additional lines in the X-ray spectrum.

e) The variation of the cell parameters with the temperature is given in
ref. (10). In repect to (Pb0.925-8a0.075)2r03, it has been studied as ce-’
ramic by G.»Shirane(]). It is of particular interest becausé, though  nei-
ther of the end members Pb Zr03 and Ba Zr03' is ferroeleétric, yet: an
intermédiate‘phase is ferroe]ectric; Its essential properties compare to

those of Pb Zro3 in the following way:

a) (Pb0.925-8a0_075)2r03 as well is-a member of the perovskite family.The-
re exist however, three phases with different crystal structures, as fol-
Tows: phase I (up to 170°C) is pseudotetragonal and antiferroelectric; pha-
se IT (170% - 205%C) is rhombohedral and ferroelectric, with . _cla-= 1;
phase III (above 205°C)-is cubic. The variation of the lattice parameigfs

as a function of the temperature are not yet known.

b) The dielectric constant has a peak in the upper tranéition. which incre-
ases 1n height and ‘decreases in temperature with increasing amounts of Ba.
At the boundary of the intermediate phase, there is a small anomaly. The

rhombohqdra] phase shows a dielectric hysteresis loop.

7
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¢) (Pby gos - Bay 475)Zr0; shows a large temperature hysteresis, of about

20°%C wide, at the Tower transition.

d) The X-ray spectrum of the compound is similar to that of Pb Zr05.  No

neutron diffraction studies have been performed for up to now.

ITI. EXPERIMENTAL
The angular correlation of two sucessive Y-rays of a nuclear cas-
cade may be perturbed when a coupling is established between the momenta of

the intermediate nuclear state and extranuclear eletromagnetic fields. Con-

sequently the correlation will change in the time interval elapsed between

the emission of the first and second Y-rays. In the angular correlation

function this is taken into account by the perturbation factor Gkk(t):

Wee,t) =1+ A, Gzz(t) Po(cos 6) + Ay Gya(t) P, (cos ) (1)

A11 the physical information is contained in the Gkk(t) function and most
of the theoretiéa1 work ‘had to deal with the derivation of appropriate
formulae of Gkk(t) for each type of interaction. Theoretical expressions
for all kinds of static interactions are given by Steffen and Frauenfe1der(").
Here we are concerned with static electric quadrupole interactions ofiented
randomly in space, acting on a nuclear level with spin I =5/2 . For this

case the perturbation factor can be written as:

3
Gy (t) = Gyo *+ n§1 Oy COS (wnt) ‘ (2)
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The Oko and Opn are given by Alder et al(]z), and Abragam and Pound(]3)
for an axial field. The frequencies W in this expression, are the fre-
quencies of the transition between the three hyperfine levels into which a
state with I =5/2 1is split by an electric qdadrupo]evfield. These fre-
quencies depend on two quantities characteristic for'the interaction: an

assymetry parameter and a quadrupole frequency.

The EFG at the nucleus is described by the V{& simmetrical fensor;
which has six combonents. In the orthogonal (principal axis) system, this
simmetrical tensor may be reduced to its diagonal form, that is to say, the
Yyy?'vzz' »
must obey Laplace's equation, V' V = 0, only two of them are independent.

number of components is reduced to v Since these components -

xx?

Usually, the principal axes are chosen such that:
g Ty TV, | | (3)

The parameter n, mentioned above, is a measure of the assymetry of the
EFG - tensor, which. interacts with the nuclear quadrupole ‘moment and s

defined by:

‘ V.. -V ' ‘
W = XX .Axy (4)
V22
From Laplace's equation and from equation (4), it follows that V and

XX

Vyy have the same sign and therefore 0 <n < 1.

The nuclear quadrupole frequency, also mentioned above, is defined by:

QVZZ e
Wa = .
q 41(21-1)h | )

7




where Q 1is the spectroscopic quadrupole moment of the intermediate Tlevel

of the cascade, and I its spin.

The assymétry parameter and the_.quadrupole frequency can be  deduced
- from the transition frequencies W e A detailed account of the procedure
is given in ref. (14). So‘a measurement of the pertubation factor Gkk(t).
from which the transitioﬁs frequencies are ‘obtained, permits the determina-
tion of all components of the EFG tensor, supposed the quadrupole moment

of the investigated level is known.

2. SOURCE PREPARATION

The 133 KeV- 482 KeV vy y cascade of the 45 day- isotope Hf'S)

181

,which
decays to Ta °', fs one of the most favourable cases for time differential
angular correlation measurements. The life-time of the 482 KeV level s
T1/2 v 11 nseg, its spin I =5/2, the A, - coefficient of the  casca-
de A2 n - 0,25; so that the experimental situation is relatively easy to

f]el. For

handle. The radicactivity is obtained by the reaction Hf‘aG(n,y)H
the preparation of the polycristalline (Pb0'925~8a0.075)2r03 we followed
the method applied by Forker et al(g): to a mixture of'equimolar portions
of reagents grade Zroz, BaC03 and Pb 0 radioactive HfO2 was added. The
amount of Hfo2 added was  0.01 mol~%. The mixture was vigorausly grinded
in a mortar; then, it was calcinated, at 1050°C, during one and a half hour; -
after calcination Pb 0 was added to the mixture to compensate the evaporat-
ed one; the powder was then pressed to a pellet and sintered, at 850°C.
during approximately forty hours. The low temperature of,sintering was to
prevent the evaporation of Pb 0, as Forker et a1(9). already noticed. The
specimen sintefgd in such a way was free of Zr0, contribution and showed 5

2
- X-ray picture similar to that of the Pb Zr03.
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3. THE EQUIPMENT

The time-differential measurements were performed with a two detector
angular correlation apparatus. The detectors were two 56-AVP  photomulti-
pliers coupled to NaI(T1) scintillation crystals, with dimensions of
2" x 2" (482 KeV) and 2" x 1" (133 KeV). The equipment diagram is in fig.
(2); the time amplitude converter (TAC) was constructed by Forker(g) and
the slow part was a commercially available ORTEC system. The time resolu-
tion obtained for the energies of the relevant cascade varied between 2.9
nseg and 3.1 nseg f.h.w.m. The source temperature was varied in the range
22°C - 240°% - 22°C; to do it, a heating system was designed which yielded

stability of approximately #* 1 c® for the source temperature.

4. PAC MEASUREMENTS, DATA TREATMENT AND RESULTS

The perturbation of the angular correlation was observed at the tempe-
ratures quoted in the table I. Coincidence spectra were taken at the angles
90°C, 135°C and 180°C, and from the spectra the coefficients AjG,,(t) were
determined. The figs.(2-A, B) show the results of measurements at 22° ¢

and 160°C, respectivelly.

The time spectra,obtained in this way show slightly oscilations (fig.
2-A); such a damping of the angular correlation pattern is frequently obser-
ved. For solid sources it can be atributed to lattice imperfections and
impurities. These lead to distributions of the frequency W which are
sharply defined only in a perfect crystal. In case the frequency distribu-
tion have gaussian shape with relative width &§, the perturbation factor ta-

kes the form:
3 i 2 2.2
Gy (t) = G + nzl Opn XP(=1/2 W 8% t7) cos (w, t) (6)
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For the détefmination of fhe,frequencies w_and the re1at1ve: width

n
§ of their distribution this expression has been fitted to the measured
time spectra. The least sdudre fits took into account the finite time

reSbonse of;tﬁe équipment by numerical convolution of»equatibn(s) with the
time resolution curve which had A width between 2.9 nseg- 3.1{nseg at half-
-maximum‘ﬁéight. The solid lines in figs. (2-A, B) represent.the result of
the least square fits. From the fits the frequencies wn‘and the widths of
their distributions were deduced(14). From the experimenta1iy determined
W, the assymétryvparameter n, the quadkupo]e frequency Wg and the méxima1
component V.  of EFG were calculated. Their values are in table I, for all
the méasuréd temperatures. Fig. (4) shows the'temperature dependence of

the EFG, obtained experimentally.

IV. DISCUSSION

According te the phase (fig. 5) and the thermal linear expansion

(fig. 1) diagrams for the mixture (PbO.925 - Ba0.075)2r03 we could wait
variations for the EFG, n paraheters and quadrupolar frequency 1interac-
tions valuesin the phase trdnsition temperatures, with change of crystal-
Tine structure,and ahysteresis loop, with approximately.ZSQO wide for the
EFG and the quadrupolar.interaction frequency values at the lower transi-

tion. Our results show that (table I):

a) The EFG valué-at 160°C is approximately 60% lower than at 22°C; as
the n value droped from 0.8, at 22°C, to about 0.4, at 160°C. the phase
transition antiferrqelectric (pseudotetragonal) + ferroelectric (rombhohe-
dral) must have occured. The &isplacement of the transition point (170°C +

+160°C) can be due to the fact that we are not dealing with a perfect but
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a real crystal with a certain amount of lattice irregularities or/and by
the possibility that the percentage of Ba in'the mixture is not exactly
7.5%.  The decrease of the EFG value when we drop the temperature from 22°C
to 160°C' 1is most probably due to the temperature variation of the 1lattice
parameters and the sudden change of the cell's parameters dimensions at the
phase transition temperature. How the lattice parameters of (Pbo,ggs -
- Bao.075)2r03‘ depend on temperature has hot yet been studied; therefore,
a direct comparison betwen the variation of the lattice parameters and the

EFG values is not possible at present.

b) The EFG value decreases with the increasing of tempardture; at 240°C,
which is about 40°C above the cubic phase temperature, the EFG value s

15% of it's value at,22°c. Also the n coefficient decreases to values

around zero. The phase transition which occurs dt 205°C dont appear SO -

sharply; but the n"coefficient values, around zero, are a strong evidence

that the acfdal phase is cubic. The non vanishing of the values 1in the

cubic phase is due, again, to the fact that we are not dealing with a per-
fect but a real crystal, with a certain amount of lattice {1rregularities.
Such imperfections will destroy the cubic simmetry at some lattice sites
and thus will produce a2 small remaining interaction in the cubic phase, as
we found it.

c) decreasing the temperature, after reaching 240°C. we notice that:
1 - the EFG and the n coefficient maintain, until 80°C - 100°C,  the
same values they had at 160°C; '

Fal
G
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2 - the frequency distribution begins to show, at temperature-:_looo c,

values which are higher than 15%;

'3 - the EFG value measured at 22°C, after the decreasing of the tempe-

rature,dont coincide with the EFG value found in the first measurement
at the same temperature.

These last theree items can be due to the fact that the original lat-
ticé sfmmetry is going to.be destroyed, probably by the continuous heating
of the material during the measurements. But according to the results ob-
tained by Forker et al(g) for the Pb Zr03,-it seems very improbable that
this compound would be gradually destroyed by continuous heating. It can
happen that the Sa Zr03, sinterized at 850°C, is not sufficiently stable;
so, it would begin’to decompose in Ba0 and Zr02, with a consequente change
of the lattice original simmetry. The sintering temperature of Ba Ir0;
around 1,25000(15), seems to support such argument. As a matter of fact
the X-ray picture of the material, taken after all measurements , showed

ZrO2 traces.

The exact atomic coordinates of (Pb0.925 - Bao.o75)Zr03 are not known.
A lattice sum calculation was performed with the atomic positions in PbZr03,
as given in table II of ref.(3), modified by the following criterium:
(Pb0.925-3a0.075)2r03 mixture has a cubic structure; each Ba which subs-
titutes-one Pb in the (1/2, 1/2, 0) position of Pb Zro_3 will influence the
8ther two Pb. As there will be six Pb atoms around each Ba atom, at an

(o

approximate distance of 4.1A , the original displacement of each Pb, about
(£ 0.088; + 0,0080; 0.0), will decrease in 33%, reaching the new values:

(+ 0.058; + 0.0053; 0.0). According to this criterium, we obtained the

- presumible atomic displacements (table II).
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The calculation yie1ded for the maximum component sz at 22°C, a va-
Tue of 10.73 x 1017v/°m2, where the Sternheimer correction (i-v_)=62.2 for
Ta5+has alréady been taken into account(Ts). This value agrees ‘within
n 75% with the experimental result. A better agreement can not be expec-
ted, Since dipolar and covalent contributions to the EFG have not been
taken into account. Another source of error can be due to the criterium we
used for the atomic displacements. The agreement is much better for the
assymetry parameter n. The calculated value of 0.865 agrees within ~ 90%
with the experimental value at room temperature (table I). This good agre-
ement, as the assymetry parameter depends mainly of the symmetry of the lat-
tice, can testify that our criterium of atomic displacements is not  very
far from the trouth. '
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ELECTRIC QUADRUPOLE INTERACTIONS MEASUREMENTS IN THE (Pb

0.925 B3y 975)2r03.

2
T (°C) @ (Mc/SEC) n mq(Mc/SEG) VZZ(]017vlcm 1 §( %)
22(+ 1) 612,0 + 14,0 0,73 + 0,05 69,7 + 3,1 7,25 + 0,43 5,4 + 0,7
160(+ 2)+ 189,0 + 8,5 0,375 +0,075 27,5 + 1,9 2,86 + 0,24 5,6 + 1,1
180(+ 3)4 123,1 + 7,0 0,375 +0,090 17,9 £ 1,6 1,86 + 0,18 5,03 + 3,78
195(+ 3)+ 97,4 + 7,2 0,0 0,1 16,4 + 2,0 1,71 £ 0,21 7,6 *+5,8
205(* 3)4 91,7 + 6,8 0,13 + 0,20 14,3 + 1,4 1,49 + 0,15 5,0 + 4,3
240(+ 2)+ 69,7 + 17,0 0,00 + 0,40 10,8 + 1,9 1,12 £ 0,20 4,56 +19,5
140(+ 2)+ 185,5 + 9,4 0,48 + 0,10 25,5 + 2,1 2,65 + 0,22 10,7 +1,0
120(+ 1)+ 224,9 + 6,] 0,60 * 0,07 28,1 + 1,6 2,93 £+ 0,18 10,0 + 1,0
100(+ 1)+ 221,4 + 12,8 0,46 + 0,16 30,2 + 3,5 3,13 £ 0,37 5,3 +2,4
80(+ 1)+ 296,4 + 18,5 0,49 + 0,15 39,6 + 4,9 4,12 + 0,52 16,8 + 2,8
50(+ 1)+ 319,1 + 21,4 0,43 + 0,19 | 44,4 + 5.8 4,62 + 0,60 | 24,4 16,0

22(+ 1)+ 428,4 + 14,2 0,60 + 0,08 53,6 + 3,9 5,58 + 0,41 12,7 + 2,5 -
160(+ 2)+4 157,4 + 13,4 0,42 + 0,15 21,5 + 2,3 2,24 + 0,24 10,0 *

65(+ 1)+ 397,0 * 18,1 0,56 + 0,08 51,42+ 5,57 5,35 + 0,58 15,00 + 3,6
140(+ 1)+ 187,14+ 9,0 0,44 + 0,10 26,14 +1,8 2,72 + 0,17 14,34 + 1,6

LGE




TABLE 11

ATOMIC DISPLACEMENT (IN FRACTION OF CELL EDGE)

DISPLACEMENT IN THE PbZr0, DISPLACEMENT IN THE MIXTURE
Pb | +0,088 ; + 0,0080 ; 0,00 + 0,058 3 + 0,0053 3 0,00
Z, | £0,014; £ 0,0040 ; 0,00 + 0,009 5 + 0,0025 3 0,00
0y | *0,040 '+ 0,100 ;0,040 + 0,010 3 + 0,025 ; 0,010
0;; |*0,080 ;%0,080 ;0,100 + 0,020 ;3 0,020 ;£0,025.
01 | O ' - R S
~ | 0,00 ;5 0,00 ;0,10 0,00 ; 0,00 ;0,025
N ‘
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TABLE III

o , I-‘:"";'/'cm;
% Ba Ve Yoy v, sz//vzz(O%) n V,2 x 62,2010 7T
0,0 0,02499 0,07873 - 0,1070 1,00 0,518 9,04
2,3 0,02456 0,07843 - 0,10291 0,9829 0,523 9,04
5,2 0,02580 0,07757 - 0,10334 0,9965 0,501 9,03
8,1 0,00806 - 0,71142 0,4950 1,1524 0,865 10,52
10,0 10,00788 - 0,11101 0,11889 1,1465 0,567 10,51
12,2 0,00803 - 0,11074 - 0,11877 1,1453 0,863 10,59
14,9 0,00723 - 0,11239 0,11962 1,1535 0,879 10,52
17,8 0,01709 - 0,02092 0,03802 0,3666 0,101 3,34
19,9 0,01505 - 0,02323 0,03832 0,3695 0,213 3,34
22,3 0,60629 0,02863 - 0,03491 0,3366 0,640 3,08
24,8 0,00735 0,02707 - 0,03440 0,3317 0,513 3,06
27,3 0,00516 0,02881 - 0,03394 0,3273 0,697 3,05
29,8 - 10,00436 0,02811 - 0,03247 0,319 0,731 2,86
32,7 0,00454 0,03013 - 0,03463 0,3339 0,739 3,00
34,6 2,00388 0,03155 - 0,03539 0,3412 0,782 3,08

€6¢
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Fig.2(A,8) - PERTURBED ANGULAR CORRELATION OF Ta~ IN (Ph0.925-Ba 0.075)Zr O,

CALIBRATION: 0,6 "¥®9/channs!






