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Perturbed angular correlation (PAC) spectroscopy of dilute zirconia alloys

and YBa2Cu307, ceramic superconductors at elevated temperature have been

measured using 111Cd as the probe.

The oxygen vacancy concentration in the zirconia samples was controlled by

doping with yttrium or indium, which introduce vacancies, or with niobium, which

removes vacancies. A welldefined distorted site was identified for 111Cd in

monoclinic pure zirconia above 700 °C; below 700 °C two additional sites appeared.

Their populations are larger at lower temperatures, whereas the population of the

other site becomes smaller.

In the tetragonal pure, yttriumdoped, and indiumdoped zirconia a 111Cd

traps an oxygen vacancy, causing the PAC frequencies to decrease and the probe

nuclei to relax. The association between the Cd and the oxygen vacancy is

incomplete between 1000 and 1400°C. The trapping probability of the oxygen

vacancies to the 111Cd was deduced, and it is found to be a function of oxygen

vacancy concentration and temperature. The association energy of the CdVo pair



is 0.8(1) eV. When a vacancy is bound to a 111Cd impurity, the vacancy hops

among 8 nearestneighboring anionic sites with an energy barrier of 0.8(1) eV. In

0.5 at.% Nbdoped tetragonal zirconia the relaxation of the 111Cd probes was

suppressed completely, and a small and near axiallysymmetric electric field

gradient (EFG) was measured. We interpret this as evidence that the lattice

relaxes slightly around the 111Cd probe to a more cubiclike configuration which

accounts for the small EFG seen in this work.

The microscopic structure of the YBa2Cu307_x depends on the detailed

thermal history of the sample, and is far more complex than the xray or

neutron diffraction have indicated. The samples processed in flowing air and

cooled slowly after firing showed reproducible PAC spectra with a small,

slightly nonaxiallysymmetric EFG. These samples displayed standard

orthorhombic YBa2Cu307_x xray diffraction patterns at room temperature and

have a very sharp Meissner flux exclusion transition at 92.7 K. The local

structure of the slowly cooled YBa2Cu307_x was characterized between room

temperature and 900°C. The orthorhombic PAC spectra were observed across

the entire measured temperature range. We interpret this as evidence that the

stable local structure of YBa2Cu307_x is orthorhombic. Between room

temperature and 300°C the diffusive motion of oxygen causes detectable

relaxation and the bulk activation energy is a few tenths of an eV.
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Perturbed Angular Correlation Spectroscopy of

Oxide Ceramics at High Temperature

1. Introduction

Ceramics comprise a wide range of materials from the silicates of

conventional pottery and brick to the oxides of aluminum, zirconium, etc. and to

nonoxides such as the carbides, nitrides, and borides. Ceramics display very

diversified range of properties. They can be electrical insulators, semiconductors,

metallic conductors, or even superconductors above liquid nitrogen temperature.

Ceramics, such as Zr02, SiC, Si3N4 etc. have high stiffness and relatively

low density and, in general, retain stiffness at higher temperatures than the metals.

Zr02 has drawn substantial attention in recent years1,2,3 as a structural toughener

in improving the crack resistance of ceramics. Zirconia alloys also are very good

oxygen conductors that have often been used as oxygen sensors, fuel cells, etc.

Since the discovery of superconductivity in the LaBaCuO system,4 an

intensive amount of scientific activity has been focused on understanding the origin

and nature of the highTe oxide superconductors. These new superconducting

oxides hold great promise for technological applications, ranging from

superconducting magnets, motors and transmission lines to electronic components

based on Josephson junction devices.

1.1. Zirconia

Research activities on zirconia ceramics have been very intense in the past

several decades due to its potential applications. A conference, which is held every
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three years, has been devoted to the exchange of research information on this

materials. 1,2,3 A concise but very helpful booklet on the general properties of

zirconia has also been compiled by Stevens.5

1.1.1. Pure zirconia

Pure zirconia exhibits three welldefined polymorphs: the monoclinic,

tetragonal, and cubic phases. The unit cells of various phases of zirconia are

generally considered to be derivations of the cubic fluoride structure. It has also

been shown that at room temperature with pressure above 40 kbar zirconia can

transform into an orthorhombic form.6

The monoclinic phase is stable at temperatures below 1170°C. Monoclinic

ZrO2 has four formula units in the unit cell and has the space group P21/c.7 The

atomic arrangement in the unit cell is8

(4e) ±(xyz; +1/ 2,1/ 2 z)

with the cell dimensions9

a = 5.145A; b = 5.028A; c = 5.311A; b = 99.2°

The Zr4+ ion is sevenfold coordinated by two types of oxygen atoms, Fig. 1(a),

with the OH coordination nearly tetrahedral. The Zr atoms are positioned at

(0.2758, 0.0411, 0.2082), OI are located at (0.070, 0.342, 0.341), and OH are

located at (0.442, 0.775, 0.479). At room temperature, the average ZrOI range

from 2.05 to 2.16A and for ZrOII from 2.15 to 2.29k The thermal expansion of
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(a)

Zirconium

0 Oxygen

(b)

Fig. 1.1. The first oxygen coordination shell for Zr in (a) monoclinic and (b)
tetragonal zirconia
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monoclinic Zr02 is very anisotropic, with the expansion coefficient for the a and c

axes an order of magnitude higher than that of the b axis.10

The tetragonal phase is stable between 1170 to 2370°C. The space group

is P42/nmc. For tetragonal pure zirconia, a primitive tetragonal unit cell is often

found in the literature.11,I2 There are two formula units in the primitive tetragonal

unit cell. The atomic arrangement in the unit cell is

2 Zr : (0, 0, 0); (1/2, 1/2, 1/2)

4 0 : (1, 1/2, z); (1/2, 0, z); (0, 1/2, 1/2+z); (1/2, 0, 1/2z)

The unit cell dimensions are

a = 3.64A; c = 5.27A

with z = 0.185 at 1250°C. Each oxygen atom is coordinated by four zirconium

atoms and each Zr atom is eightfold coordinated with four 0 atoms at a distance

2.455A and four at 2.065A. The latter four oxygen atoms form a flattened

tetrahedron with the zirconium, while the former four 0 atoms and Zr form a more

elongated tetrahedron rotated by 90° with respect to the first one. The oxygen

coordination shell for the zirconium ion is shown in Fig. 1(b).

Above 2370°C up to the melting point at 2680°C, the zirconia takes on the

cubic form and has space group Fm3m

The phase transformation between the monoclinic and the tetragonal phases

is of both scientific and technological importance. Pure zirconia undergoes a volume

contraction on heating and a corresponding expansion on cooling, typically 3-5%,

through the monoclinic<=>tetragonal transformation. This large volume change is
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often accomplished by cracking, causing the zirconia to crumble. Thus pure zirconia

is not suitable for structural applications. However it was realized that this

disruptive transformation can be utilized to increase the strength and toughness of

ceramics.13

The monoclinic<=>tetragonal transformation of pure Zr02 was first

suggested by Wolten14 to be martensitic in nature. Some of the more important

experimental observations are:15

The tetragonal phase cannot be quenched to room temperature.

The transformation exhibits a large temperature hysteresis loop.

The transformation is athermal, i.e., it does not take place at a fixed temperature

but over a range. The amount of transformed phase changes with temperature

but not as a function of time at a fixed temperature.

Since the polymorphs of Zr02 are generally considered to be derivations of a

CaF2 lattice, it has been suggested that Zr02 has the same type of intrinsic

defects as in CaF2,16 namely interstitial oxygen and oxygen vacancy pairs or anti

Frankel pairs.17 In the KrogerVink notation18, the defect pairs can be represented

as Of" + V0 , i.e., 0i2- + V02+ and the charges are the effective charges of the

species in the lattice. Measurements17,19,20 from 180 gas exchange technique are

consistent with this defect model, even though the intrinsic behavior was never

observed due to the unavoidable impurities present in the samples. The formation

energy Fa of the anionic Frankel pair is on the order of 5 eV.21 Furthermore, based

on analogy with the fluorides of the fluorite structure as well as computer

calculations, it is concluded that Vo is the faster moving species.21 The

corresponding mass action law for the anionic Frankel defect pair is

CvoCoi = KFa OC exp(hFa / kT) (1-1)
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where Cvo and Coi are the concentration of each species and hFa is the formation

enthalpy of the pair.

1.1.2. Zirconia alloys

For practical applications, Zr02 has often been alloyed with other oxides to

modify its properties. Alloys of Zr02 with CaO, MgO, Y203, and rare earth oxides

lower the temperatures where the monoclinic4=>tetragonal and tetragonal<=>cubic

phase transformation occur. The phase diagrams of the binary oxide systems,

ZrO2 MgO, Zr02CaO, and Zr02Y203, have been reviewed by Stubican.22 The

lower Y203 concentration region of the Zr02Y203 binary system23 is shown in

Fig. 1.2. The phase diagram for Zr02-1n203 system is not accessible at the time of

this writing, but it is very similar to that of the Zr02Y203 system.24,25 When

alloyed with more than 17 mol.% of Y203, the cubic phase is stable from room

temperature to the melting point. PSZ (partially stabilized zirconia), which is a

mixture of cubic and tetragonal (or monoclinic) zirconia, occurs when the dopant

concentration is less than is needed for complete stabilization.

The incorporation of alloying metal oxides also decreases the linear thermal

expansion coefficient of the twophase zirconia and the volume change associated

with the monoclinic tetragonal transformation. The PSZ, thus, has better thermal

shock resistance than fully stabilized and pure monoclinic zirconia.15

Besides the modification of mechanical properties when doped with metal

oxides, oxygen vacancies are also introduced as charge compensators for lower

valence cation dopants. One oxygen vacancy is created for every divalent cation

dopant, e.g. Ca2+, Mg2+, or for every two trivalent cation dopant, e.g. Y3+, Sc3+,

while one oxygen interstitial is introduced for every two pentavalent cation dopants,



I 1 1
1

5 10 151- 20
e w t. % 15 w t. °A 20 wt. °A

Mole % Y01.5

Fig. 1.2. Phase diagram for the zirconiarich region of the Zr02Y203 system.
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e.g. Ta5+, Nb5+. From the mass action law (1-1), the concentration of oxygen

vacancies or interstitials can be manipulated by doping with appropriate species of

dopant cations. Similar to other fluorite oxides, oxygen vacancies are the dominant

carriers for ionic conductivity in ZrO2. The oxygen diffusion motion in the zirconia

is an energy activated process and exhibits an Arrhenius behavior with an

activation energy of 1 eV.

1.2. YBa2Cu307, superconductors

After the discovery of superconductivity at 36K in the LaSrCu-0 system4

by Bednorz and Muller, researchers have spent enormous amounts of energy in

searching for higher Tc oxide superconductors. The Tc was rapidly increased

beyond liquid nitrogen temperature in the multiphase YBaCuO system.26

Superconductivity at 93K was quickly confirmed by several other groups and the

compound of formula YBa2Cu307_x (1-2-3 compound) was identified as the

superconducting phase.27,28 The structure of the superconducting 1-2-3 compound

was determined by a rapid succession of experiments using xray and neutron

diffraction to be of orthorhombic form(Fig. 1.3).29 The structure can be visualized

as a stack of CuO, BaO, Cu02,Y, Cu02, BaO, CuO planes perpendicular to the c

axis with Cu-0 chains running along the baxis. YBa2Cu307_x is actually only a

member of the oxide superconductor family RBa2Cu3O7_x (R = Y, Nd, Sm, Eu, Gd,

Dy, Ho, Er, Tm, Yb, Lu). They all have similar structure and comparable Tc

90K.30,31

The record of Tc was soon pushed near 125K in the BiCaSrCu-032 and

TICaB aCu-033 systems. But the effort in attempting to synthesize a single

superconducting phase in these systems has not been successful. So far the most
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Yttrium

Copper

Barium

Oxygen

Fig. 1.3. Unit cell of the orthorhombic YBa2Cu3O7.
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extensively studied high Tc oxide superconductors are the RBa2Cu307_x family.

This system has been studied in detail because it can be synthesized in a single

phase easily and reproducibly. It also shows great richness of behavior in metal

site substitutions.

The 93K YBa2Cu307_x is synthesized near 900°C as an oxygendeficient

phase with x 0.8.26,29 High temperature xray and neutron diffraction data34,35,36

can be fitted to a tetragonal YBa2Cu3O6 unit ce1137 (Fig. 1.4) with the excess

oxygen atoms distributed randomly in the CuO plane. The low temperature

orthorhombic to high temperature tetragonal phase transition occurs when x 0.6,

or near 700°C, for samples held in air or oxygen. When fitted to a variablestrain

orthorhombic cell model, xray and neutron diffractometries indicate that the strain

(ba) decreases continuously with sample temperature and goes to zero at and

above the transition.34,35,36 This explanation is widely accepted but does not

provide a completely satisfactory fit to experimental data.38 There are

experimental indications that the tetragonal phase has a more complex structure,39

but the evidence is ambiguous.

1.3. Perturbed angular correlation spectroscopy

The angular distribution of radiations from an atomic or nuclear system have

their characteristic patterns with respect to a chosen axis.40 The study of the

angular correlation of successive radiation from nuclei has been a very useful tool in

nuclear physics. It provides a method for the determination of properties of the

nuclear levels, of the radiation emitted, and of the interactions governing the

emission.41
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Yttrium

Copper

Barium

Oxygen

b

a

Fig. 1.4. Unit cell of the tetragonal YBa2Cu3O6.
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Most of the angular correlation experiments are performed on nuclei

embedded in condensed matter. Consequently, the electric and magnetic fields

originating from the surrounding matter are present at the nuclei. These perturbing

fields interact with the electric and magnetic moments of the nuclei and, often, alter

the angular correlation pattern of the successive radiations. Through analyzing the

perturbed angular correlation patterns some of the physical quantities, e.g. strength

and type of the interaction, crystal symmetry, etc., can be extracted with good

accuracy provided the necessary nuclear parameters are wellestablished.

Among the various types of angular correlations, the y-7 correlation is the

most often employed one due to the penetrating power of the gammaray in

condensed matter. The 7-7 perturbed angular correlation spectroscopy has been

used to study the defectimpurity association in metals,42,43 ,44,45 internal oxidation

in metals ,46,47 impurity effects in semiconductors,48,49 phase identification in

compounds,50,51 etc. An extended compilation of TDPAC measurements on

compounds has been performed by Lerf and Butz,52 and a similar compilation for

metals was done by Vianden.53

1.3.1. 181Ta PAC measurements in Zirconia

Previously, a few 181Ta PAC measurements have been made on various

zirconia samples in order to understand, microscopically, the local structures and

vacancy dynamics in this system.54,55

The relevant PAC quantities for 181Ta in pure zirconia are summarized in

Table 1.1. In both polymorphs of pure zirconia only a static electric field gradient

electric quadrupole interaction was observed. The measured Vzz(lat) and rl are

weakly dependent on temperature, which is due to thermal expansion of lattice.
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Table 1.1. Vzz(lat) and 1 from 181Ta measurements on pure zirconia.54

Monoclinic (RT) Tetragonal (1200°C)

11 0.32(2) 0.01(1)

10-16 Vzz(lat) (V/cm2) 2.22(2) 2.80(4)

In fully stabilized zirconia (mostly by CaO, MgO, or Y203), where the cubic

phase is stable at all temperatures to the melting point, the observed 181Ta PAC

spectra55,56,57 exhibit a nonoscillatory pattern. The spectra indicated that the EFG

experienced by 181Ta probes varied considerably from site to site which is

appropriate since the lattice is cubic, so the EFG is due to the randomly distributed

dopants and the oxygen vacancies in the lattice. The EFG experienced by a probe

nucleus in stabilized zirconia results from a static and a fluctuating contribution.

The latter is due to the diffusive motion of the oxygen vacancies which were formed

as the requirement of charge compensation. Thus, besides the wide distribution of

EFG, the spectra also exhibited a relaxation pattern. The relaxation phenomena of

the PAC probe is negligible near room temperature, where the oxygen diffusion

motion is very slow thus the environment is approximately static during the lifetime

of the probe, and above 1200°C where the oxygen diffusion is very fast and the

fluctuating EFG average out, thus the EFG is primarily contributed by the

background lattice in these two regimes. At the intermediate temperatures,

oxygen vacancy jump times become comparable to <wQ2>-1/2, the average

characteristic interaction time of the probe with the EFG, and the relaxation of the

probe become significant. The relaxation constant X., which describes the
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relaxation rate of the probe, shows a slow and a fast relaxation regimes when

plotted as a function of inverse temperature of the samples between room

temperature and 1400°C, with the maximum relaxation occurring near 750°C. The

slope of the relaxation constant above 750°C is approximately 3 times that at low

temperature. Such an asymmetry has often been attributed to the existence of two

relaxation mechanisms that cross over near the maximum of X.55 A more physical

explanation has been suggested that at the long jump time region, the contributions

of the vacancies in the more distant shells are not negligible.56,57 By proper

summing the contributions of the different shells does not modify the short jump

time region, but changes the slope in the long jump time region. Based on this

model, only a single activation energy is needed. The activation energy for vacancy

hopping in the cubic lattice is 1 eV, and, surprisingly, does not vary with vacancy

concentration within experimental uncertainty.

1.3.2. 111Cd as a PAC tracer nucleus

The 2.83 day halflife 1111n decays by electroncapture process to the

excited state of its daughter isotope 111 Cd, which, subsequently, decays to its

ground state by emitting two cascade gammarays with energy of 171 and 245

keV. The relevant nuclear characteristics of the electroncapture decay of 111In to

111Cd are summarized in Table 1.2 and Fig. 1.5. gives the decay scheme of the

111In to 111Cd transition.

After the electroncapture process, the electronic hole in the Kshell of the

111Cd decays through xray emission and Auger processes. The Auger events will

result in a highly ionized probe atom. The recovery time of these excited ionic

states will critically depend on the availability of free electrons in surrounding
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environment of the probe atom. The recovery time is less than 10-12 sec for tracers

embedded in metals which is too short to give any detectable effect.58 But in

semiconductors and insulators, the electronic holes in the outermost shell could

persist long enough to introduce an additional perturbation on the angular

correlation pattern. A semiquantitative description to the case, where the strength

of perturbation due to the aftereffects is much stronger than that of the surrounding

lattice, has achieved some success.59,6° But when they have comparable in

strength, the angular correlation pattern becomes very complicated and has no

satisfactory theory to describe it.62

1.4. Objectives of the 111Cd PAC investigation in ceramics

Due to the size and chemical similarity of the zirconium and hafnium atoms,

the 181Ta nucleus, fed by beta-decay of 181Hf, is generally regarded as an

appropriate probe to study oxygen vacancy motions around zirconium sites. But

181Ta has a 5+ ion core, which gives an effective charge of +1 when substituted in

the cationic sublattice. From a simple Coulomb repulsion consideration, the Ta+S

probe could repel the oxygen vacancies, which have an effective charge of +2 in the

anionic sublattice, away from the probe site. A Monte Carlo simulation,56,63 aiming

at reproducing the measured 181Ta PAC frequency distribution in 18.4 wt.% yttria

stabilized zirconia, with the assumption that the oxygen vacancies never populated

the nearest neighboring anionic shell, has provided excellent agreement. It is a

strong indication that the oxygen vacancy dynamics near a Ta PAC probe may be

different from that of a zirconium ion or different from the most widely used di- (Ca

and Mg) and trivalent dopants (Y, Sc, etc.). Therefore it is of interest to

investigate the vacancy dynamics near a di- or trivalent cations in the zirconia, and
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serve as a comparison and complement to the results obtained by the 181Ta probe.

Among the often used PAC tracers,64 111Cd appears to be the most natural choice

since all the needed nuclear parameters are wellestablished.65 The 111Cd, fed by

electron capture decay of 111In, has a formal charge of 2+, thus in the zirconia

cationic lattice it should have an effective charge of 2. We expect 111Cd to attract

oxygen vacancies, and to provide insights on the dynamics of oxygen vacancy

around a divalent dopant in the zirconia system.

PAC is a local probe, which measures information complementary to those

of global probes such as xray diffraction. We are interested in the effects of

different firing and cooling conditions on the microscopic structure of YBa2Cu3O7_x

superconductors.

Table 1.2. Summary65 of relevant nuclear characteristics of 111Cd.

Parent halflife (1111n)

Energies of cascade y rays:

1/1

Y2

Nuclearspin sequence
Angularcorrelation coefficients:

A2

A4

Intermediate nuclear state:

Halflife
Electric quadrupole moment66

Magnetic dipole moment

2.83 d

171.28(8) keV

245.42(7) keV

7/2+ 5/2+ * 1/2+

0.180(2)
0

85.0(7) ns

+ 0.83(13) b

0.7656(25) 1IN
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2. Theory of perturbed angular correlations

Since both ZrO2 and YBa2Cu307_x are nonmagnetic compounds and the

111Cd PAC probe is a closed electronic shell ion, only the interaction between the

electric field gradient (EFG), which is generated by the environment, and the

quadrupole moment of the probe is important. The formalism for static EFG

quadrupole interaction, that will be presented in this chapter follows very closely to

the one given by Frauenfelder and Steffen.58 A more modern treatment is given by

Steffen and Adler67 in a form that is more suitable for low temperature orientation

work.

2.1. The generalized directional angular correlation W(ki,k2,t)

W(k1,k2,t)di21dS22 is defined as the probability that a nucleus, will decay

through the cascade Ii > I ) If by emitting two successive radiations R1 and R2 in

the directions k1 and k2 into the solid angles dni and dS12. The "t" in the

perturbed angular correlation function W(k1,k2,t) is the time separation of these

two successive radiations.

The most general form of the perturbed angular correlation function using the

density matrix formalism is

W(k1,k2,t) = Tr [p(ki,t)p(k2,0)] (2-1)

where p(k 1,0) and p(k2,0) are the density matrices which describe the system

under discussion immediately after the emission of R1 and R2. In the presence of

extranuclear perturbations the density matrix of the system after emission of Ri
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will evolve with time, the density matrix right before the emission of R2 can be

expressed as p(k1,t) = A(t)p(ki3O)A(t)+. If the interaction Hamiltonian which

describes the extranuclear perturbations is K(t), the time evolution operator of the

system A(t) is given as:

A(t)=exp[It K(t')dt'] (2-2)

Let the sublevels for the intermediate state I be a, a', a", ... These sublevels form

a complete set of eigenstates of 12 and I. The W(k1,k2,t) can be written as:

W(k1 ,k2 ,t) = I < al p(ki , Ola'>< alp(k2 ,O)la > (2-3)
a a'

The first matrix element in (2-3) can be rewritten as:

where

< al p(ki,t)lal>= < blp(ki3O)lb'>< bb'IG(t)Iaa'> (2-4)
b b'

<bbeIG(t)laa'>:-<alA(t)lb><a'1A(t)lb'>* (2-5)

If the polarizations of the radiations are not observed as in most of the PAC

measurements, after some lengthy calculations the matrix elements of p(ki3O) and

p (k 2,0) are



< blp(14,0)Ib'>= (_...1)2I -ii+b (I I k1)

k1 N1
b Nl

X474Tt Y:140141)

< p(k2 ,0)1 a >= I
I I k2

N2_
k2 N2

-a

X117177t Yk2 N2(02 42)
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(2-6)

(2-7)

here Aki(1) = Aki(LiLl'IiI) and Ak2(2) = Ak2(L2L2'If I) are numbers which

depend only on the spins of the nuclear states involved in the transition and the

multipolarities of the emitted radiations.
-b N1

and

k2

a' -a N2
are the Wigner 3-j symbols.68 The overall normalization

adopted here is Ao = 1. Inserting (2-4, 5, 6) in (2-3), the perturbed angular

correlation function becomes

N2W(ki ,k2 , t) = [(2ki + 1)(2k2 + 1)] 2 Aki(i)Ak2(2) GkNi
I (t)

ki k2 NI N2

X Yki Vgl, 011 Ik2 N2 ku2 W2) (2-8)

where YkiN1(01,01) and Yk2N2(02,02) are the spherical harmonics and the

constant factor 4n has been dropped since it is irrelevant to the angular correlation.

The summation indices k1 and k2 are not related to the vectors k1 and k2. And we

have defined a perturbation factor or function as:
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NN 1 I k
(-1)2I+a+b [(2k1+1)(2k2 +1)1.1Gk

1 2
(t) =

1 2 NIaa' bb' b' b

x
I I

k2 < bb' IG(t)I aa'> (2-9)
a -a N2

which contains all the information about the interaction between the system and

the extranuclear perturbations. When the polarizations of the radiations are not

observed, the angular correlation function W(kl,k2,t) is also called the directional

correlation function.

2.2. Angular correlation for free nuclei

If during the transition Ii -> I If, there are no extranuclear perturbations

acting on the nuclei, the time evolution operator A(t), as defined in (2-2), becomes

unity and < bb'IG(t)1aa' > = 8a

symbols:54

I I ki

(aa,
a' -a Ni

the perturbation factor becomes

G 1 N2 (t = 8 8
kik2 k2 NiN2

b 8a' b'. With the orthogonality relation of the 3-j

-1(I I k2
=(2k+1) 8kil(28NiN2 (2-10)

\a' -a N2

(2-11)

Inserting (2-11) into (2-8) and carrying out the summation over N using the

addition theorem of spherical harmonics, the perturbed angular correlation function



reduces to the unperturbed form:

km,, kmaz
W(ki ,k2) = Ak(1) Ak(2) Pk(cos9) = I Ak kPk(COS 0)

k=0, even k=0,even

22

(2-12)

where Pk(cos9) are the Legendre polynomials and 9 is the angle between the two

cascade radiations.

A few constraints and remarks can be made on the unperturbed angular

correlation between the cascade radiations:

(i) kmax = MIN(2I, L1 +L1', L2+L2'). Both 181Ta and 111Cd, two of the most

frequently used PAC nuclei, have spin of the intermediate state 1=5/2 which results

in kmax 7-- 4.

(ii) The summation contains only even values of k up to kmax, which comes

about because the circular polarization of the emitted radiation is not observed.

2.3. Static perturbations

If the environment of the nucleus does not change during the lifetime of the

intermediate state I, the extranuclear perturbation is constant both in direction and

in magnitude. The time evolution operator in (2-2) becomes

A(t)=exp(-4K t) (2-13)

If U is the unitary operator that diagonalizes the timeindependent interaction
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Hamiltonian K:

UKU-I=E (2-14)

where E is the diagonal energy matrix with the energy eigenvalues En as the

diagonal elements. Then it can be shown, by expansion of the exponential function,

that the following relation holds:

u_ie-i1Ctu

and the matrix elements of A(t) become

(2-15)

< al A(t)I b >= <nib> * < nl a > exp(--kEn t) (2-16)

For brevity, a new notation for the exponential will be used throughout this

derivation:

exp(-int) exp(--A-Ent)

Hence, the perturbation function becomes

N N 1 I k
Gklk2(0= Ey(-1)2D-ai-b[(2k1+1)(2,k2+1)]2

a' -a N1
aa' nn'
bb'

(2-17)

b'

I k2

-b N
exp[-i(n n')t] < n1 b > * < nl a >< n'l b'>< n'l al> * (2-18)

2
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So far we only dealt with a single nucleus, but if the nucleus is embedded in a

single crystal and all the nuclei reside in the equivalent sites, then this result is

also the perturbation function for the case of a single crystal.

If the perturbing field has axial symmetry, e.g., a pure magnetic field or an

axially symmetric electrostatic field, the symmetry axis of the interaction can be

chosen to be the quantization axis. K and A(t) become diagonal in the basis IIm>

and <nla> = -na, <nib> perturbationSnb etc. The peurbation function reduces to

NN
G 1(0(2(0= 1[(2k1+1)(2k2+

nn' n

2

I ki I I k2

n N n' n N

xexp[ i(n n')t] (2-19)

If one of the two radiations is emitted parallel to the symmetry axis, then

one of the corresponding spherical harmonics in (2-8) is

/2k +1
YkN=uNOAI

(2-20)

The selection rule of the Wigner 3j symbols requires n' n + N = 0 in (2-19),

hence the n # n' terms vanish. The perturbation function reduces to

Gk (t) = [(2ki +1)(2k2 + '2
i I ki)(I

n n N n ok1ki k 2 2
NN 0

(2-21)

and again the angular correlation takes on the unperturbed form (2-12).
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For practical reasons the angular correlation experiments usually are carried

out on nuclei in polycrystalline samples. We assume a polycrystalline sample

consists of a large number of randomly oriented microcrystals. Let D(S2) be the

rotation matrix that transforms the interaction Hamiltonian K(z) from the lab

coordinate frame z through a set of prescribed Euler angles S2 = (0,0,7) to the

principal axes system z' of a microcrystal:

K(z') = D(S2) K(z) D-1(0) (2-22)

Again the unitary operator U diagonalizes K(z')

U K(z') U-1= E (2-23)

and the time evolution operator becomes

A(t) = D-1(0) U-lexp(-1- Et) U D(0) (2-24)

and the matrix elements of A(t) can be rewritten as:

Ira< al A(t)lb >= I <nlmi > < nl m2 > exp(- mt)Dmia 42) vm2b( K-2. )
mim2n

where terms of type Dm = <m 1 D(1) I a> are the matrix elements for the

rotation operator. Using (2-25), the elements of G(t) are

(2-25)
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< bb'IG(t)laa'>. E <nlmi > < n'Im2' >*
m1m2 nn'
m1'm2'

* *

xexp[i(n n'ADInia (0)Dimi,a,(0)DIn2a(0)D;n2,b, (SI) (2-26)

One of the contraction relations for the rotation matrix elements is68

Jl j2 J ) * x-t ril J2
L--

n11, m2' m' mm'
11.11 m2m1m2

)13i1 ,Dj2
MIMI M2M2'

(2-27)

Inserting (2-26) in (2-9) and using (2-27), the summations over aa' and bb' can be

performed:

1

Gkk2
N2ft\ E E(_1) 2I+ml +m 2[(21ci +1)(2k2 +1)] 2 exp[ i(n n')t]k"

m1m2 nn'

I kiyI I
X

m1 P1)1112' m2
k2 ,k, *,o, Dk2)
P2

ljP1N1 k 1 P2N2in,k 1

x < nlmi >*< nl m2 >< n'1 m21 >* (2-28)

The perturbation function for a random polycrystalline sample can be obtained by

averaging (2-28) over all the possible orientations of its constituent microcrystals.

The orthogonality relation for the rotation matrix is

1
Dillml (n )D,,2 (Q). 8, , 8m m 8m

".2 + 1 JI J2 1 2 1
,m

2

Using (2-29) in carrying out the average, the perturbation factor becomes

(2-29)



k k
Gk 514 k2 5/sl1 N2 5pi p2 ' Sn In' 2 exp[ i(n n ')t]

n n'

here the coefficients S are defined as:

k k 2 E ki)(i k2)

P Ami m2 p
m1'm2'
M1 M2

x < nl mi > < n'l mi'>< nl m2 >< n'l m21>*

27

(2-30)

(2-31)

Since the selection rule of 3j symbols requires ml' ml + p = 0 and

rn2 + p = 0, the summations over ml, m1', m2, and m2' can be replaced by a

single summation over p. Inserting (2-31) in (2-30), the perturbation factor for the

polycrystalline sample becomes

Gk o) I
mi m2 nn'

m1' rni

((......1)2I±M1+1112 I
MI'

I k)ri I k

mi P m2 I))

x exp[i(n n')t] < ni mI >*< n 'I mi'>< nl m2 >< n'l (2-32)

Comparing with the single crystal result in (2-18), the perturbation function for the

polycrystalline sample can be visualized as the average of the perturbation function

of the single crystal:

Gkk(t) = 2k
1

+1
L Gkk (t)
p

(2-33)



Hence the perturbation function for a polycrystalline sample is also called the

attenuation function or factor. Furthermore, (2-30) can be rearranged as:

Gk k(t) = y,
sknnk+ kk [(E --E ,)t]

Sn n, COS n

n non'

28

(2-34)

Inserting (2-34) in the expression for the directional angular correlation function

(2-8), the summation over N1, N2 can be performed since the perturbation function

is independent of N1 and N2. The addition theorem for the spherical harmonics can

also be applied to (2-8) and the directional correlation displayed by a

polycrystalline sample has the form:

kma,

WO, = I Akk Gk k (t) Pk(cos8)
k=0, even

(2-35)

An important feature of the perturbation function (2-34) for the polycrystalline

sample is the time independent term Snknk. Because of this term, the angular

correlation of a polycrystalline sample is never completely destroyed under the

influence of static perturbing fields. For this reason, this term has historically been

called the "hardcore".



2.4. The static electric quadrupole interaction

The Hamiltonian for the static electric interactions of a nucleus with its

environment is

14E1=1,
. . I

1J J

e e

29

(2-36)

where the quantities with index "i" are the charges and coordinates of the nucleus

and the quantities with index j are those of its environment. Since rj > ri, (2-36)

becomes

e
J

ric
HEI k +11+1' Pk(coseij)

i j k=-0 ri

(2-37)

here Oij is the angle between a pair of ri and rj. Applying the addition theorem of

spherical harmonics to (2-37) yields

t--%: HYn L eirik YkHEI = 4n 2k +1 r
Yk (e0i) (2-38)

r.

(2-38) can be rewritten in a more compact form by introducing the tensor operators

of the nuclear moments, q(k), and of the fields, V(k).69 The rank of the tensor

operator k is also the multipolarity of the moments and the electric field. The

definitions for the tensor operators are



and

q(iik)=E rik

V(k) = e
dc+1

With the definition of the scalar product of two tensor operators,

k
q(k) V(k) : (-4)g q(P. k) v(k)

II

(2-38) becomes

HEI y,
4n q(k) v(k)

2k +1 µk=0

30

(2-39)

(2-40)

(2-41)

(2-42)

The Hamiltonian is now expressed as a product of two factors, a nuclear

factor and an external field factor. Rewriting (2-42) in a more detailed form:

1 2

HE I = [ZeiV(°) +
3 ± (-1)11.no 1)vo)+_ v (_01,,(2)v(2)

11=-1
5

p.=-2

3

+1 I, (-04 q(3) v(3) +
11 11.

11=-3

(2-43)
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where V(0) is the Coulomb potential. The odd order electric moments vanish due to

the requirement of parity conservation under reflection. The effects of nuclear

electric hexadecapole moment or higher order terms are too small to be considered.

Therefore the only term that needs to be retained in the electric interaction is the

quadrupole term and its corresponding interaction Hamiltonian HQI is

A 2
HQI = T(2), q(2) V ( -1)µ n(2) v(2)

5 1-1 `11-1.

1.1=-2

(2-44)

V(2) is often called the classical electric field gradient (EFG) operator and q(2) is

the second-rank tensor operator of the nuclear quadrupole moment. Since the

Coulomb potential due to the extranuclear charges is given by

thus

v(2) 31E a2 v
4 a z2

(2-45)

(2-46)

Since Yk (1))=-. (UP' Yk p,(0, 0), the spherical components of Vg(2) can

be written in terms of the Cartesian derivatives Vxx, Vxy, etc.,

yn(2) = 11--L
1616n zz

(2-47a)
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V±1 (2)

7r
(V iV (2 -47b)

24 xz Yz'

= (Vxx Vyy - i 2 Vxy) (2-47c)

In the principal axes system, the cross derivatives in (2-47) disappear:

VP)
167T

y
zz

(2)
V+1 =0

2 5V±2( )
96x (V""- Vyy) -1196n 11Vzz

The asymmetry parameter is defined as:

=
VXX Vyy

Va

(2-48a)

(2-48b)

(2-48c)

(2-49)

Conventionally, the principal system is chosen such that I Vxx I Vyy I 5.. I Vzz I.

Therefore this restricts tl to 0 5.. ri 5 1 because the Poisson equation reduces to the

Laplace equation Vxx + Vyy + Vzz = 0 for external charges. Thus the EFG tensor

can be sufficiently characterized by the magnitude of the largest component Vzz and

asymmetry parameter T.

The matrix elements of the quadrupole Hamiltonian (2-44) are



L<Im1H,QIIImt>. 4n L ( ) µ < Imlq()1Im5 V(211
4=-2

33

(2-50)

The matrix elements of the quadrupole moment tensor can be evaluated using the

Wigner-Eckart theorem:68

< hnig(2)1/m,>=, (_iry I I 2m j< >
-m

(2-51)

where < I I I q (2)
I 1 I > is the reduced matrix element and can be calculated following

the conventional definition of the nuclear quadrupole moment:

eQ=
11-167r

5

Let m = I in (2-51), the reduced matrix element can be deduced:

6 2T1
<Iiici(2)Iii> 0 -I 0

eQ

The matrix elements of the quadrupole moment tensor can be expressed as:

< 5 eQ(I
16n ins

(2-52)

(2-53)

I I I 2 -1
(2-54)

-m µ, I I 0
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In the principal axes system, only the diagonal and twooff diagonal terms of the

quadrupole Hamiltonian matrix (2-50) are not equal to zero. Expressing the EFG

components in Cartesian derivatives (2-48), the nonvanishing matrix elements of

the quadrupole Hamiltonian are

< Im 21 HQ I Im >= hcoQ 3- [(I ± m +1)(I ± m +1)(I :Fm + 1)(I m)]2 (2-55)

< ImIHQIIIm >= ho.)Q[3m2I(I+1)] (2-56)

where the quadrupole frequency toQ is defined as:

eQVzz

(13Q 4I (2I -1)11

For the axially symmetric case = 0, the quadrupole Hamiltonian is

diagonal. The energy eigenvalues for this case are

Ern = hc),Q [3m2 I(I +1)]

(2-57)

(2-58)

There are (2 1+ 1)/2 ( for halfinteger I) or I +1 (for integer I) distinct energy

values since the ± m levels are doubly degenerate. The perturbation function (2-

34) for a polycrystalline sample with axially symmetric electric quadrupole

interaction is

kk kkGk k(t) = L Sm + L (M2 m ,2

111

(2-59)



Introducing a new index n =1 m2 m' 21/2 (for halfinteger I) or

n =1 m2 2 I (for integer I) and defining

Ik k

mm'

(2-59) becomes

Gk Sk0
n>0

35

v
1-4m m'

Sk n cos(no)0t)

m p
(2-60)

(2-62)

The angular frequency coo, equivalent to the smallest nonvanishing energy

difference, is equal to 6coQ (for halfinteger I) or 30.),Q (for integer I). The

normalization adopted here is I Skn = 1.

2.4.1. I = 5 /2 intermediate state

If the interaction Hamiltonian is not axially symmetric, it has to be

diagonalized to find the energy eigenvalues. In general it is very difficult to

diagonalize the Hamiltonian matrix. To simplify the task, we will concentrate only

on the case when I = 5/2, which happens to be the nuclear spin of the intermediate

state of the two most widely used PAC nuclei, 181Ta and 111Cd. The Hamiltonian

matrix for I = 5/2 can be easily written down with the help of (2-55, 56),



(10 0 11 10 0 0 0 \
0 2 0 3Thfi 0 0

TIVT) 0 8 0 3714f, 0
HQI = h0,)Q

0 311 if 0 8 0 TAT)

0 0 314f 0 2 0

0 0 0 mild 0 10

The secular equation of the quadrupole Hamiltonian becomes

E3-28E(r12+3)-160(1n2 ) =0

36

(2-62)

(2-63)

The analytical solution to this secular equation, which can be found in literature,70

is

where

E1=u+v

E2,3= 2

f(u + v)-T- kr3- (u v)

u, v hcoQ a 3,1132 11032 1)

a=
N 8('02 +3)" and

The explicit form of (2-62) is

80 (1-112)
P= 3

(2-64a)

(2-64b)

(2-64c)

(2-65)
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E+ 5 = 20ChCOQCOSf3 COS-1 13] (2-66a)

E +3 = 2ahavos[i(ic +cos-1 po] (2-66b)

E+ =-2aho)Qcos[3(1t -cos-10)] (2-66c)

These eigenvalues are function of asymmetry parameter As before, we

introduce the index n = I m2 m' 2 1/2, and the expression of the perturbation factor

for polycrystalline samples becomes

3

Gkk(t) = Sko + E Skn cos [ 001) t
n=1

(2-67)

The PAC frequencies 0.)n are the differences of the energy eigenvalues in (2-66);

col =1E3/2 Ei/2 I = 2-N5- (UnQ sinq cos-1 13 1 (2-68a)

co2 =1E512 E312 I auk) sin[i cos-1 (3)] (2-68b)

03 =1E512 E112 = cce),Q sin[A- (it + cos-1 (3)] (2-68c)

with the sum rule (03 = wl + 0)2. Graphical representation for eigenvalues of HQI

and PAC frequencies of the quadrupole interaction as a function of 1 for I = 5/2 are

given in Fig. 2-1.

The Skn coefficients in (2-67) are known functions of the asymmetry

parameter r1,125 so that
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Fig. 2.1. (a) Eigenvalues and (b) PAC frequencies of the HQ' as functions of rl for
I = 5/2. The eigenstates are doubly degenerate.



Skn = Skr,(11) =
sk k
mm

m m'

with the Skinkm. given by (2-31). The Skn coefficients as a function of 11 are

tabulated in Table 2.1.
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(2-69)

Both 111Cd and 181Ta have intermediate state with I = 5/2 and A4 < 1% A2.

Thus the angular correlation function (2-35) could be further reduced to:

t) =1 + A22G22(t)P2(cose) (2-70)

The theoretical perturbation function 022(t), for various values of asymmetry

parameter is shown in Fig. 2.2.

So far we have assumed all the microcrystals contained in a polycrystalline

sample are perfect. But in a real crystal random imperfections such as impurities,

lattice defects, etc., exist. Two type of distribution models, Gaussian and

Lorentzian distributions, are most often used to account for the small variations in

the electric field gradient due to these imperfections. The distribution of the EFG

magnitude is often assumed to be characterized by a relative width 8 = AVzz/Vzz

Let P(w coo) be the normalized distribution function, then the measured

perturbation function is the convolution of the theoretical perturbation function (2-

67) and the distribution function:

Gk k(t) = f de.) Gk k (t) P(0) coo) (2-71)

with the superscript "0" in theGL(t) denotes that it is the convoluted
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Table 2.1. Skn coefficients (k = 2, 4) for a general static HQI as a function of ri with
1 = 5/2.

11 S20
S40

S21

S41

S22
S42

S23
S43

0.0 0.2000 0.3714 0.2857 0.1429
0.1111 0.2381 0.2857 0.3651

0.1 0.2024 0.3688 0.2855 0.1432
0.1098 0.2395 0.2858 0.3649

0.2 0.2090 0.3617 0.2850 0.1443
0.1061 0.2435 0.2861 0.3643

0.3 0.2181 0.3517 0.2844 0.1458
0.1010 0.2491 0.2864 0.3634

0.4 0.2280 0.3405 0.2840 0.1474
0.0955 0.2553 0.2867 0.3625

0.5 0.2373 0.3296 0.2841 0.1490
0.0904 0.2613 0.2866 0.3617

0.6 0.2451 0.3198 0.2847 0.1504
0.0860 0.2668 0.2863 0.3609

0.7 0.2511 0.3113 0.2861 0.1515
0.0827 0.2715 0.2855 0.3603

0.8 0.2552 0.3044 0.2882 0.1522
0.0804 0.2753 0.2844 0.3599

0.9 0.2576 0.2988 0.2910 0.1526
0.0791 0.2784 0.2828 0.3596

1.0 0.2583 0.2945 0.2945 0.1528
0.0787 0.2808 0.2808 0.3596
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Fig. 2.2. Theoretical 022(t) for a static HQI with I = 5/2 as a function of 11.
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perturbation function.

(i) Gaussian distribution:

(00) 2 }P(o)
(on)

= exp [(.n:
a0)

where too is the peak frequency or the centroid and a is the distribution width or

standard deviation. Inserting (2-72) in (2-71), the convoluted perturbation

function becomes

Gi),k(t) = Sk0(T1) +
n=1

k 01) cos [ (.02(T1) t exp
(804 t)

2

2
(2-73)

Here we have defined the relative width of the frequency distribution 8 = a/coo.

The superscript "0" in the frequencies denotes that those quantities are the peak

frequencies which are usually obtained from computer fits to the experimental data.

(2-73) is the theoretical perturbation function multiplied by additional damping

terms due to the EFG distribution. Owing to these damping terms the higher

frequency terms, 0)2 and 033, damp out faster than the lower frequency col term.

(ii) Lorentzian distribution:

1 a
P(c) c°0) = 2

+ (co
0)0)2It a

(2-74)
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again coo is the peak frequency and a is the distribution width. Inserting (2-74)

into (2-71) the convoluted perturbation function becomes

3

G?ck(t) = 40(r1) + E skfi(i)cosr co (TO t I exp [ (84 t (2-74)
n=1

As we have mentioned the Lorentzian and Gaussian distributions are

adequate only for the cases where the distribution width is small with respect to

the peak value. But for the cases of the EFG distribution in imperfect cubic

lattices, this provision is violated. Where the average EFG is zero, but the PAC

frequencies, which arise due to the interaction between the PAC nuclei and the

imperfections in the cubic lattice, do not average to zero. A physically sensible

approximation of this type of EFG distribution must take proper account of the

three dimensional distribution of the EFG principal axes. The simplest assumption

is that the principal axes of the EFG are randomly oriented and the projection of

Vzz on all three Cartesian axes has a Gaussiantype distribution centered on zero

with width VzzO. Since the PAC frequencies are proportional to the magnitude of

the EFG, thus the distribution of the EFG in the imperfect cubic lattices is a

Maxwelliantype distribution.

(iii) Maxwellian distribution:71

4 w2P(co coo) = ,
3
exp[ (

0 0

and the convoluted perturbation function is

(2-76)
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GL(0=skom+ sknov
(0)

2
n exp

(0)

4
002

(2-77)
n=1

The most striking feature of (2-77) is that the oscillating cosine terms are replaced

by a pure damping term.

2.5. Timedependent perturbations

If the environment of the PAC probe changes during the lifetime of the

intermediate state, the nucleus may be subject to simultaneous timedependent

and static perturbations. The timedependent perturbation causes the probe

nucleus to relax. Through the study of relaxation, one is able to deduce some

characteristics of the environment, e.g. the correlation time, jump energy, etc.

2.5.1. Timedependent electric quadrupole interaction in liquids

The Brownian motion of ions in a liquid causes the EFG sampled by the

quadrupole moment of the intermediate state of a nucleus to fluctuate rapidly and

randomly both in magnitude and in time. At any instant, however, a certain local

configuration exists that characterizes the environment at that time. This short

lived local configuration is similar to the stationary local configuration found in the

solids. The liquids, typically, can be characterized by < co,Q2 >, which is the time

and spatial average of the square of the quadrupole frequency, and by the

characteristic correlation or relaxation time 'cc. tic is the time required for local

configurations to change in a liquid, and thus gives the time that a EFG acts on a

given nucleus in a given direction.
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For an nonviscous liquid e.g., water or dilute aqueous solutions,

10 11 s which is considerably shorter than the lifetime of the intermediate

state of 111Cd (-120 ns). Within the lifetime of the intermediate state of the

nucleus, many uncorrelated reorientations occur. Macroscopically, the angular

correlation is scrambled by this type of process and the randomly fluctuating

interaction establishes no preferable direction in space. For convenience, the

propagation direction of the first gamma-ray of the cascade is chosen as the

quantization axis. This choice means the direction of the second gamma-ray in the

cascade can be completely described by the angle 0 with respect to the first

gamma-ray. The restriction on perturbed angular correlation (2-8) is N1 = N2 = 0,

and the correlation function becomes

W(0,t) = Aki(1)Ak2(2)q:k2(t)Pk2(cos0) (2-78)
k1k2

The selection rule of the 3-j symbols requires that a = a' and b = b' in (2-9) when

N1 = N2 = 0, so the perturbation function reduces to:

zic
OO (-1kik2 (t)= )214-a+brR,- I ki I I k

G +1)(2k2 +1)112(i a 0 b b 0

2

ab

x 1< bIA(t)Ia >12 (2-79)

If the nucleus were at state la> at t=0, the factor 1<blA(t)la>12 is the probability

Wab(t) to find it in the state Ib> at time t. Thus the problem of time-dependent

angular correlations in liquids is transformed into a problem of calculating the
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probability function Wab(t). The function Wab(t) for electric quadrupole interactions

in liquids, solved by Abragam and Pound,72 is

wab(t)=E (-1)-2I_a_b(2r I
a

r I )(I r I eArt
0 -a)b 0 -b

(2-80)

Here Xr, the relaxation constant, is defined as:

Xr =ite <(.0Q2> r(r+1)[4I(I+1)-r(r +1)-1] (2-81)

In the derivation of (2-80), a few assumptions have been put forward:

(i) The fluctuation rate lttc is much higher than the the transition rate between the

sublevels of the intermediate state I.

(ii) The observation time, typified by the lifetime of the intermediate state, is long

compared with the characteristic time of the perturbing fields. Inserting (2-80) in

(2-79), the perturbation function becomes

Gik0° (t) I (2r +1)[(2k1+1)(2k2+ e
-X

r
tGk

abr

a -a 0 a -a 0 Jl b -b 0 b -b 0

(2-82)

The summations over a and b can be performed using the orthogonality relation of

the 3-j symbols which yield 8 k1 r 81(2 r= 8 Thus the perturbation function

reduces to a very simple form:



Gk k(t) = e Xkt

2.5.2. Timedependent perturbations by stochastic fluctuating fields
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(2-83)

Attempts7334 in deriving an analytical description to the problems of time

dependent interactions in perturbed angular correlations of gamma-rays have

achieved some success in the past. But due to the complexity of this problem, a

few assumptions and often arbitrary simplifications were made which cast some

doubt on the applicability of the results.

PAC perturbation functions G2(t) for spin 5/2 nuclei subject to a randomly

fluctuating EFG have been calculated numerically.75 Perturbation functions were

computed as functions of fluctuation frequencies for Vzz(fluctuating)Nzz(static)

1, 10, and 100 using a stochastic method described by Winker and Gerdau.76 The

model assumes a static EFG that is symmetric about the zaxis and an additional

axiallysymmetric EFG whose symmetry axis fluctuates randomly among the x,

y,z directions. The major part of that work involves diagonalizing a 108 x 108

eigenmatrix numerically. For sufficiently large fluctuation rates, all but five terms in

the perturbation function have negligible weight. In this regime, the numerical

result can be written as:

3

G2(t) = tS20 X° 4:°t.e + 020 e + S2icos(c02it)eXit
i=1

(2-84)

where S20 = 0.131, S20? = 0.069, the other geometrical factors S2i and frequencies



(02i are the same as for the static interaction alone. There are fixed relations

between the five relaxation constants, and they can expressed as:

where

49

a,0'/A0 = 3.525 (2-85a)

x.iao = 2.343 (2-85b)

X2/23 = 3.071 (2-85c)

X3/2L0 = 5.899 (2-85d)

Xo = 100.8<coQ2>tc (2-86)

for I = 5/2, which is the AbragamPound relaxation rate for the randomly fluctuating

EFG alone.72 After convolution with a Lorentzian type EFG distribution, (2-84)

becomes

3
' t

S20e
Xot + Sme ° + S2icos(0)2it)eAit e-8°)2it (2-87)

i=i
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3. Experimental arrangements

3.1. PAC spectrometer

A Tandy/Radio Shack Color Computer (Co Co) was used to control the

spectrometer in a position very similar to a more conventional multichannel

analyzer (MCA). The ready available functions in a MCA unit are emulated by an

external analogtodigital convertor (ADC) and software in the Co Co.

The functions of a yy PAC spectrometer are to detect the the two

correlated cascade gammarays emitted by a tracer nucleus and to determine the

time separation between them. This work was carried out on a conventional 4

detector PAC spectrometer.77 The functional block diagram of the spectrometer is

illustrated in Fig. 3.1. The four gammaray detectors are placed at 90 degree angle

intervals in a plane with the source at the center. Each detector furnishes two

signals for each absorbed photon: dynode signal (energy information), and anode

signals(timing information), and is driven by its own high voltage power supply.

The timing signal is closely related to the time that the gammaray enters the

detector and the energy signal is proportional to the energy that the gammaray

deposited in the scintillation crystal.

The timing signals from the detector 0 and detector 1 are connected to a

signal mixer before feeding into one unit of a quad constantfractiondiscriminator

(CFD). The signals were shaped and discriminated by the CFD, and then fed into

the start input of a timetoamplitude (TAC) module. The timing pulses of

detector 2 and 3, again, connected to a mixer before feeding into the other unit of

the CFD, and then feeding into the stop input of the TAC. A delay cable is inserted

between the mixer and CFD of the STOP signal chain.
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Fig. 3.1. Functional block diagram of the PAC spectrometer.
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For a valid start and stop CFD signal, which falls inside the preset time

range of the TAC, an unipolar linear pulse is generated by the TAC. The pulse

height of the TAC output pulse is proportional to the time separation of the start

and stop signals. An ADC is set to digitize a full height linear pulse into 1024

channels. The energy pulses from each detector are shaped and amplified by its

own preamplifier and linear amplifier, then the resulting bipolar pulse is fed into a

laboratorybuilt twin singlechannelanalyzer (TSCA).

Each TSCA is adjusted to detect both yi and 72. The two signals from each

TSCA are fed into a laboratorybuilt encoding/routing circuit for further determining

the sequence of the correlated events. The encoding/routing circuit is designed

such that the simultaneous detection of more than one start and/or stop events is

considered invalid.

A conversion is accepted as a valid "normal" event only if a TSCA of

detector 0 or 1 indicates a yi was absorbed and a TSCA of detector 2 or 3 indicates

a 72 was absorbed. If a Y2 detected by detector 0 or 1 and yi is detected by

detector 2 or 3 then it is called a valid "reverse" event. The information about the

sequence of detection of a correlation event is called routing information. In the

original design of the spectrometer, the computer was interrupted on the completion

of the ADC conversion regardless of the validity of the energy event. Later, a

validgating circuit was added to suppress the invalid interrupts, hence greatly

reducing the deadtime of the spectrometer.

As soon as a valid event is flagged, the computer is interrupted and the

digitized time separation of the two cascade gammarays and their routing

information is collected by the interrupt service routine of the operating software

and stored in the proper location of the computer memory. While the computer is

waiting for the interrupts, it can perform some simple tasks ,e.g., display the raw
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data on an oscilloscope, calculate A2G2(t), or compute the Fourier transformation

of the A2G2(t) function. With this configuration, it is very easy to monitor the

progress of the experiment and to detect the faults in the spectrometer or sample in

the early stage and take proper measures to correct them accordingly. During an

experimental run, the data are saved several times to prevent the loss of data due

to power failure or computer crash.

3.1.1. Gammaray detectors

Each gammaray detector consists of a 1.5" x 1.5" x 1.5" cylindrical barium

fluoride (BaF2) scintillator (Harshaw/Filtrol Partnership, Solon, OH) mounted on a

XP 2020Q photomultiplier (Amperex Electronic Corp., Hicksville, NY). The base

used on each detector is an Amprex S-563 unit. Each detector is powered by its

own high voltage power supply (Power Design, Westbury NY, model 3K10B).

A photon entering the scintillator interacts with the material. The intensity

of the resulting fluorescent light is proportional to the energy the photon deposited

in the scintillator. The fluorescence light then enters the window of the

photomultiplier and hits the cathode which is coated with photoelectric material

and frees electrons which are then accelerated and multiplied along the dynode

chain.

In using y-y TDPAC techniques to probe microscopic properties of

condensed matter, a set of scintillators with both good energy and timing resolution

is essential. NaI(T1) scintillators used in most TDPAC experiments have a high

efficiency and good energy resolution but with rather mundane time resolution

mostly in 2 to 3 ns range. A detailed study of the properties and characteristics of

BaF2 scintillator has been reported in the literature78 and the applications of the
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BaF2 in the yy TDPAC measurement of condensed matter have been reported by

several groups.54,79

Some selected properties of the BaF2 scintillator are listed in Table 3.1.

The fast fluorescent component of the of BaF2, which makes the subnanosecond

timing feasible, has a wavelength of 220 nm and a decay time constant of 0.8 ns and

carries about 20% of the total fluorescence yield. Since the fast component of the

fluorescence light from the BaF2 is in the ultraviolet region, a photomultiplier with a

quartz window like the Amprex XP 2020Q must be used. An energy resolution of

15% for 511 keV gammarays can be achieved with our spectrometer which is

comparable to the published results.79'80 Due to the memory limitations of the

Co Co in use at this moment, we are unable to fully utilize the good timing

resolution of the BaF2 crystal. The timing resolution of the spectrometer in this

work is about 1.9 ns, which is well above the time resolution of 700 ps capability of

our detectors.

The face and the sides of the scintillator were covered with 3 layers of

proprietary ultraviolet light reflectory Teflon tape (Harshaw/Fitrol) and a layer of

5 mil aluminum foil to increase the light output. The crystal was mounted on the

photomultiplier window using General Electric Viscasil 600 000 silicone fluid as

optical coupling fluid and the whole assembly was covered with an aluminum can to

stabilize and block stray light. The Viscasil 600 000 optical coupling fluid exhibits a

near unity transmissivity for light with wavelength greater than 190 nm. The

detector is further covered with magnetic shielding to shield off the external

magnetic field. All four detectors are attached to aluminum frames and are free to

slide along tracks at 90° angles from each other. A ruler at the side of each

detector provides the sampledetector distances.
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Table 3.1 Some selected data of B aF2 scintillator81

Light yield relative to NaI(Tl):

fast component

slow component

Wavelength of maximum emission:

fast component

slow component

Decay constant:

4%

20%

310 nm

620 nm

fast component 0.8 ns

slow component 620 ns
Index of refraction at 325 nm 1.49

Thermal coefficient of linear expansion 18.4x10 -6/K

Density 4.88 g/cm3

Melting Temperature 1627 K

Hygroscopic no

3.1.2. Coincidence electronics

The coincidence circuitry is divided into two branches. The fast branch

processes the timing signals, and the slow branch handles the energy signals. The

fast branch includes a quad CFD module (EG & G Ortec, Oak Ridge TN, model

934), and a TAC (EG & G Ortec model 566), and a ADC (EG & G Ortec model

800). For every timing signal from the anode of the photomultiplier tube that

exceeds the threshold of the CFD, a standard NIM pulse, whose timing is

correlated to the time the gamma ray was absorbed in the detector, is generated.
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In this work, only two CFD units (CFD1 and CFD2) out of the quad in the

Ortec 934 module are utilized owing to the failure of the other two units. The

output of CFD1 is fed into the start input of the TAC, while the output of the CFD2

provides the stop signal for the TAC. A long coaxial cable is inserted between the

STOP Mixer and CFD2 to move the timezero point of a prompt event to the mid

range of the selected TAC time range. This delay scheme is different from the more

commonly seen arrangements,68 but helps to push the crosstalk problems found to

exist in the EG&G model 934 CFD module to an unimportant region.

After the TAC has received a start and a stop pulse, the CFDs are gated off

until the conversion is completed to avoid interference caused by the incoming CFD

signals. For each successful conversion, the TAC will generate an unipolar pulse

whose pulse height is proportional to the time separation between the start and

stop pulses. In this work the time range of the TAC is chosen to be 1 ps which is

suitable for minim Cd PAC measurements. The ADC is set to convert a full scale

TAC pulse(10 V, which corresponds to the time separation of the start and stop

pulses of 1 gs) into 1024 channels. As soon as the ADC starts the conversion, a

busy signal is generated to gate off the TAC until the ADC is free for the next job.

Eventually the ADC is read by the computer through the interface board.

The slow branch is made up of a preamplifier (EG & G Ortec model 113), a

linear amplifier (Tennelec, Oak Ridge, TN, Model TC 211), and a TSCA for each

detector. Each energy signal, taken off the fourteenth dynode of the

photomultiplier, is first shaped and amplified by a preamplifier and then further

amplified by a linear amplifier. This signal is then fed into the TSCA. The circuit

diagram for the TSCA is shown in Fig. 3.2.
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Fig. 3.3. Timing diagrams for the upper SCA of a TSCA unit. Only the energy
pulses fall in the energy window generate outputs.
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The TSCA accepts unipolar or bipolar pulses from the linear amplifier. The

input signal is split between the peak sensing circuit (C3) and two window

comparators (Cl, C2 , G1 and C4, C5, 05, LM 311). The time constant at the input

of C3 is adjusted such that the output goes low at the peak of the input signal. The

output of C3 triggers a 50 ns pulse from a oneshot (monostable multivibrator, one

half of SN 74221) which strobes the outputs of window comparators 01 and G3.

The window comparable output is high if and only if the input signal exceeds

the lower level threshold (LLT) but lower than the upper level threshold (ULT). A

tenturn linear precision potentiometer is used to adjust the LLT and the ULT. A

dual oneshot (F2, F3, SN 74221) is used to generate output pulses. In this work,

one window of the TSCA is centered on the pulse of the yi, while the other window

adjusted to the pulse height of 72.

3.1.3. Encoding/routing electronics and computer Interface

The computer interface is built around a peripheral interface adapter (PIA)

chip (Synertek, Santa Clara CA, type SY 6522) and connected the Co Co via a bus

expansion box (Basic Technology, Ortonville, MI, model BT 1000). Fig. 3.4 and 3.5

show the diagram of the encoding/routing and computer interface circuits. The

encoding/routing circuit disallows more than one start or stop pulse from the TSCA.

The VALID output (of SN 7400) is low if and only if one yl and one Y2 input are

high, hence a low in the VALID bit is a flag for an "energy valid" event. The

VALID bit is used in the Valid Gating circuit and the operation software to reject

the invalid events. The encoded routing information and the VALID bit are clocked

into a SN 74374 octal Dtype flipflop on the positive transition of the delayed True

Start TAC signal. The True Start signal of the TAC is delayed for 2 !is to
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compensate for the processing time difference between the slow (energy) and the

fast (timing) arms. This routing information is used as the upper address bits input

into the PIA.

The remaining PIA inputs are connected to the ADC conversion output. As

soon as the ADC conversion is completed, the ADC generates a DATA READY

pulse to signal the completion of a conversion and at the same time releases the

digitized signal to the input of the PIA chip. The DATA READY signal is further

gated by the Valid Gating circuit so that only valid events will interrupt the

computer via the CA1 line of the PIA chip.

Invalid DATA READY signals trigger a oneshot (half of a SN 74221) in

the Valid Gating circuit to emulate a TRANS COM signal and reset the ADC

without interrupting the computer. On the other hand, a VALID event combined

with the DATA READY to generate an interrupt signal to the PIA CA1 pin. The

PIA is initialized to operate in automatic readhandshake mode, i.e., after the PIA

registers have been read by the interrupt service routine, a reset pulse originates

at CA2 to reset the ADC and enable the spectrometer for the next event.

The addition of the Valid Gating circuit reduces the dead time of the

spectrometer by a factor of three and is especially useful when using a high activity

sample. In some special cases, particularly for calibration operations, it is

desirable to allow all events, including those which fail the validity check of the

Valid Gating circuit, to interrupt the computer. A switch was installed to allow the

operator to disable the Valid Gating circuit if necessary. When the switch is at the

"VALID" position, only DATA READY signals associated with valid events will

interrupt the computer. With the switch in the "ALL INT" position, every DATA

READY signal interrupts the computer.
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3.1.4. Operating software

Most of the spectrometer software is written in BASIC, but the timecritical

parts are written in machine language. The most timecritical part is the interrupt

service routine, because the time spent in reading the PIA ports largely determines

the deadtime of the system. On entry of the interrupt service routine, the

processor register, status and return address are saved on the stack. After the

PIA registers are read, the ADC is reset and the next interrupts can occur while

the computer is still processing the previous one. This sets an upper limit on the

rate which interrupts can be accepted. If the interrupt rate becomes too high, the

stack overflows and the computer crashes. In practice, this has not been a problem

since the activity of the sample can be controlled through the sample making

process. The interrupt service routine examines the VALID bit (most significant

bit of the routing information) and returns immediately from interrupt if the event is

invalid . In the case of a valid interrupt, a memory location is decided from the data

received from the PIA input lines. The computer's random access memory (RAM)

between address $4000 and $7000 is divided into 16 sectors corresponding to the

pairs of detectors that detected yi and 12. For example, sector 0/2 holds the

spectrum of events for which yi is detected in detector 0 and 12 in detector 2, etc.

Each sector consists of 512 channels and each channel is represented by two

bytes. The routing information identifies the memory sector, while the ADC

conversion result designates the offset of a particular event in that sector. As soon

as the channel which corresponds to the detected events is identified the count in

that channel is increased by one and the routine returns from interrupt. The channel

representing timezero (of a prompt event) is located near midrange of the TAC
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(channel 256), so that in addition to the "normal" spectra (sectors 0/2, 0/3, 1/2 and

1/3) the "reverse" spectra (sectors 2/0, 3/0, 2/1 and 3/1) can be accumulated.

While not processing interrupts, the computer has been programmed to

perform other tasks like displaying accumulated counts vs. channel (time) for each

sector on an oscilloscope, determining the accidental coincidence counts, etc. For a

typical run, about 5x104 to 6x104 counts per channel at the peak of the spectrum

are accumulated, so a total of 107 counts are accumulated for each sector. A

typical run takes 8 to 24 hours to accumulate two statistically independent spectra

("normal" and "reverse"). When sufficient data have been collected, the spectra

and relevant information such as sample name, date, temperature and calibration

data are saved to a floppy disk for later analysis on a Apple Macintosh II computer.

3.1.5. Furnace

Because there is a constant need to measure samples at elevated

temperatures, the furnace should be considered as an integral part of the PAC

spectrometer. Some of the constraints which must be considered when designing

the furnace are: (i) The outer surfaces of the furnace must be at room temperature

so that detectors work at the same temperature independent of the sample

temperature. (ii) The furnace body should be thin and constructed using a low Z

material so as not to reduce the intensity of the gammarays emitted by the sample

significantly. (iii) The furnace must work reliably at 1400 °C or even higher

continuously over several weeks.

Furnace development has been a major effort in this laboratory over the

past several years.56 The furnace, which is used in this work, is built around a

closedoneend alumina furnace tube (McDanel Refractory Co.,Beaver Falls, PA,
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type 998) with an inner diameter of 3/8" and an outside diameter of 1/2". The

heating element is cut from a 5/1000" thickness graphite foil with the help of a

predrawn paper pattern (Fig. 3.6(a)).

The heating element is wrapped around the furnace tube and covered with

one layer of alumina thermal insulation and two layers of 1 mil zirconium foil. The

zirconium foil serves two purposes: heat shielding, and oxygen getter to prevent

the heating element from oxidizing. Two pieces of 10 mil copper foil are used as the

current leads which are connected to the vacuum fitthrough.

During early stages of development, the resistance of furnaces was often

found to drop mysteriously to an unreasonably low value. As it finally turned out,

the alumina thermal insulation consisted of alumina fibers bound together by

organic binder. When it was subjected to vacuum and heated at elevated

temperature, the binder carbonized and became a shunt resistor to the graphite foil

heating element. The organic binder contained in the alumina thermal insulation

has since been burned off before use in the furnace.

The heating unit is mounted in a aluminum housing surrounded by a water

cooled jacket (Fig. 3.6(b)). A laboratorybuilt AC power supply is used to power

the furnace. The open end of the furnace tube is exposed to the air, and the sample

and a PtPt/10%Rh thermocouple is placed in the center of the tube. The

temperature is controlled by a proportional controller (Omega Engineering,

Stamford CT, model 49) connected to the thermocouple. It was found that a

moderate vacuum which can be achieved by a mechanical forepump is sufficient to

prevent the heating element from oxidizing. A wellconstructed furnace typically

will last for 3-6 months under normal operation up to 1400°C.

Temperature profiles of the furnace have been measured over various

temperatures up to 1400°C. The temperature differences between all sides of a
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to vacuum pump

furnace tube

water out
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oxygen getter/heat shield

Fig. 3.6. (a) The graphite foil heating element and (b) sectional view of the PAC
furnace. The resistance of the graphite heating elements is -4g.
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sample are slightly less than 10°C at 1400°C. Even though the temperature cycle

of the temperature controller is smaller than 2°C, the temperature uncertainty of the

sample should be considered to be 10°C at 1400°C.

3.1.6. Spectrometer calibration

The energy calibration is performed with the sample which is currently being

investigated and a MCA connected to the output of the linear amplifier. Fig. 3.7.

shows a typical energy spectrum accumulated in the MCA. Three prominent peaks

can be recognized for a zirconia sample containing mho 1 iCd tracer; the highest

energy peak is due to the 245 keV gamma ray from the 5/2 to 1/2 transition of the

cadmium nucleus, while to the immediate left of the 245 keV peak is the 171 keV

gammaray from the 7/2 to 5/2 transition. The lowest energy peak actually

consists of three xray peaks. The peak around 23 keV is due to the K xray

following the 111In to 111Cd electron capture transition. The peak around 32 keV is

the xray from the photoelectric effect of barium in the BaF2 scintillator. The peak

around 55 keV is from the 1 to 2 at.% normal occurrence of hafnium in the zirconium

foil which was put in the furnace to function as a oxygen getter. With the MCA

gated by the output signal of the TSCA, the windows of the TSCA are set so that

only the 171 keV (71) or 245 keV (72) peak is detected.

The task of time calibration consists of three parts: (i) the cable lengths in

the fast branch are adjusted such that the timezero channels for all memory

sectors are the same, (ii) the time scale of the TAC must be determined, and (iii)

the time resolution of the spectrometer must be determined. Before the time

calibration can be performed, the energy windows of the TSCA must be adjusted

very carefully to
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Fig. 3.7. Typical energy spectrum of 111Cd recorded by a MCA unit using a BaF2
scintillator detector.
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respond to the appropriate energy peaks of the PAC nuclide being used in the

experiment.

The timezero channel for a prompt event in each memory is aligned using a

22Na source. The 2.6 yrs halflife decays through 13+ emission process to its

daughter isotope 22Ne. The positron eventually annihilates with a electron in the

surrounding material. In most of the cases two photons, each with energy of 511

keV, are created simultaneously and emitted in opposite directions. Occasionally,

the photon pair will be absorbed by two detectors and the resulting prompt

spectrum accumulated in the corresponding memory sector ideally should resemble

a deltafunction. In reality, the prompt peaks have a Gaussianlike distribution

due to the finite time resolution of the spectrometer.

By adjusting variable delay lines between the Mixers and CFDs, the time

zero channels of all memory sectors are aligned to within a few tenths of a channel

width. Owing to the fact that two 511 keV photons always travel in opposite

direction, the prompt peaks for the 90° degree angle detector pairs are accumulated

through physically swapping the "start" detectors 0 and 1.

After prompt peaks for each detector pair have been accumulated for the

same time interval, a program determines location and full width at half maximum

(FWHM) for every prompt peak and computes the instrumental resolution function

for both the normal and reverse spectrum. The instrumental resolution function,

used during data analysis to account for the finite time resolution of the

spectrometer, is the sum of the prompt peaks in each of the four channels before

and after the timezero channel and is normalized to 255 in the timezero channel

itself.

Special care needs to be taken to ensure that the prompt peak counts for

each detector pair are as close as possible in order to get a statistically equal
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weighted contribution from each pair. The FWHM of the resolution function is as

wide as the prompt peak belonging to the worst detector pair, assuming that the

prompt peaks are lined up perfectly. The overall time resolution of the

spectrometer used in the work is 1.9 ns, which is well above the actual time

resolution of 700 ps that can be achieved by the spectrometer.

A time calibrator (EG & G Ortec model 462) is used to determine the

absolute time scale of the TAC. The time calibrator generates Start and Stop

pulses separated by integer multiples of a chosen constant period. These peaks

are fed directly into the TAC inputs, and a calibration program accumulates the

periodic repeating peaks and evaluates the time calibration by doing a least square

fit. The time calibration gives the absolute time scale for the TAC, i.e. time per

channel. The time calibration for all the data collected in this work is 1.89

ns/channel with an error of less than 0.4%. Timezero channel, instrumental time

resolution function and time calibration are stored in computer's RAM and saved

with experimental spectra to a floppy disk so that this information is available

when the spectra are analyzed.

For a newlybuilt PAC spectrometer a number of tests are performed; one

of the more notable ones is the timing chain linearity test. Two signal generators

which randomly generate uncorrelated NIM pulses are connected to any

combination pair of the CFD units or directly connected to the inputs of the TAC. A

spectrum is accumulated for each pair of CFD units until a statistically meaningful

number of counts are collected for every channel. The spectrum is inspected closely

for any indication of nonlinearity in the timing chain. If any are found, the problems

are resolved accordingly.
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3.2. Sample preparation

One of the major difficulties in PAC experiments is to incorporate the

desired radioactive tracer into the materials one likes to investigate. In the

181Hu181Ta PAC experiments involving zirconia ceramics, this problem has been

solved nicely by nature.

The electronic configurations of zirconium and hafnium are 4d25s2 and

5d26s2 in the outer shells. The remarkable chemical similarity between Zr and Hf

is due in part to the analogous arrangements of electrons in the outermost quantum

levels and to the near identity of the atomic radii: 1.452 A and 1.442 A respectively.

It is also very interesting to note that zirconium and hafnium occur in their

compounds almost exclusively with the oxidation number of 4+ and with the

maximum number of bonds that is as sterical as possible, thus resulting in the

maximum coordination number of eight for Zr and Hf. Owing to the chemical

similarity between the zirconium and hafnium, most of the zirconia ceramics

contain about 1 at% or more of hafnia unless special procedures had been taken to

remove the hafnium impurity. To make zirconia samples for 181Hu181Ta PAC

measurements, one needs only to neutron activate the proper amount of zirconia or

zirconia alloys.

For iiiinititCd PAC experiments, special solution routes have been

utilized in order to introduce the desired amount of 111In PAC tracer into the

samples. A nitrate evaporation method for the YBa2Cu307-x samples and a

precipitation method for the zirconia samples have been adapted and introduced to

our laboratory by Dr. James A. Sommers of Teledyne Wah Chang Albany (Albany,

OR).
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3.2.1. Precipitation methodzirconia samples

Pure zirconia and lightly doped zirconia samples used in this work were

prepared from zirconium oxychloride or nitrate solution whose concentration is

known accurately. An appropriate amount of zirconium oxychloride or nitrate

solution is taken and a drop or two of the radioactive 111In are added. The

resulting solution is neutralized by concentrated ammonium hydroxide solution to

precipitate the zirconium hydrous oxide. The procedures for making these samples

are listed as the following:

1. A drop of 111In (about 10 4Ci) is added to 1 or 2 c.c. of zirconium oxychloride

or nitrate solution.

2. Add the resulting solution dropwise to 40 ml of concentrated NH4OH

solution with constant stirring. The solution is allowed to stand for 30

minutes until the reacted hydrous oxide settles to the bottom and leaves a

nice, clear supernatant solution.

3. Filter and wash the filter cake 3 times with dilute NH4OH (one volume of

concentrated NH4OH plus one volume of deionized water) to guard against

redisolution of the hydrous oxide.

4. Wash 3 times with 10 ml of deionized water to eliminate NH4 + and Cl ions.

5. Dry under the heating lamp until most of the water has been driven off and a

loose finely divided white powder remains.

6. Calcined at 800 °C for 10 to 40 hours.

Typically an 111In contained zirconia PAC sample has a mass of 100 mg and

with the concentration 1111n of about 10-8. All of the pure zirconia samples used in

this work were made from two batches of master solutions: one is zirconium

oxychloride solution and another one is zirconium nitrate solution. The chemical
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Table 3.2. Chemical analysis of the impurities in the ZrOCl2 solution
(in units of ppm)

Al < 25 Mn < 5 Th < 100
B 0.5 Mo <5 Ti <25
C N U 2.2

Ca 114 Na V < 5

Cd < 0.2 Nb < 50 W < 10

Cl Ni < 10 ZnO
Co < 5 0 Zn < 50
Cr < 10 P < 25 Zr
Cu < 10 Pb 5

F e 67 Si 54

H Sn < 10
Hf 85 SO4

Mg 10 Ta < 100

analysis of the impurities in the starting pure zirconium oxychloride (ZrOC12)

solution is given in Table 3.2.

3.2.2. Nitrate evaporation methodYBa2Cu307_x samples

A carefullyprepared nitrate solution with Y:Ba:Cu in the molar ratio of 1:2:3

was used as starting material. A few ml of the solution were taken to which a drop

or two of the 1111n containing HC1 solution was added. The resulting solution was

absorbed into ashless filter tablets which were crushed and then heated in a lab
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alumina casserole and stirred until all liquid had evaporated and the filter tablet

carbon had burned off.

With our nitrate evaporation method, the 11 lin PAC tracer can be introduced

very uniformly throughout the sample and the filter tablet will keep the components

from separating in the evaporation process. The material is much more uniformly

mixed than the powders used in the normal solid state synthesis.

YBa2Cu307_,( has long been known to react with most of the commonly

used lab firing containers.82 The resulting finely divided dry paste was placed in an

alumina boat which had previously been heavily reacted with YBa2Cu307_x. The

paste was fired and cooled in a lab furnace that was tilted to allow substantial air

convection. To avoid products of reaction of the YBa2Cu3O7_x with the container,

only the upper layer of the sample was used.

Firing and cooling conditions varied, but the firing temperature was always

between 900 and 950 °C, the firing time was between 2 and 40 hours and the

cooling time to room temperature were between 6 and 36 hours.
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4. Data Reduction

After each run is completed and the data are saved to a floppy disk with all

the needed run information, the disk is read into a IBM XT computer using a

laboratory-developed program. The program calculates the average background for

each sector corresponding to a detector pair, checks all the data channels for

possible data overflow, and corrects them if any are found.

For each detector pair i/j, the raw data contain in its corresponding memory

sector i/j can be expressed as:

1 ---1-
D($3 Nee N t)+13-u 9 I 0 1:1

tN

and the background-corrected counting rate is

1
= Bij = e e-e N0W(0,t)

tiN

(4-1)

(4-2)

Here 8 is the angular separation between the ith and jth detector, e.g., the angle

between detector 0 and 2 is 180°, etc., and ei, ej are the detectors' singles

efficiency. No is the decay rate of the parent isotope (in this case, mho and TN is

the mean life of the intermediate state (5/2+ state of the 111Cd, TN=85ns). W(8,t)

is the angular correlation function or factor which contains all the information about

the interaction of the probe and the environment. Bij is the average background for

sector i/j. The background counts are taken from channels that correspond to the

events which happened 160 to 320 ns before the time-zero.



For polycrystalline PAC experiments involving the probes with a 5/2

intermediate state , the angular correlation function can be written as:

kmax
W(e, = Akk Gkk(t) Pk(e)

k=0,even
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(4-3)

For 111Cd kmax is 4 with A44.--.0, and A22 has conventionally been denoted as A2,

hence

t) =1 + A2 G2(t) P2(cOs 9) (4.4)

We further define a spectraratio for the normal spectrum as 83

Rn(t) = 2
(CO2 C13)1/2 (CO3 C12)1/2

(CO2 C13)I/2 + 2(CO3 C12)1/2

and for the reverse spectrum as

Rr(t) = 2 (C20 C31)
1/2 N1/2

(C20 C31)1/2 + 2(C30 C21)1/2

(4-5)

(4-6)

Under the assumption that the detector single efficiency is the same for each

detector, the spectraratio is approximately equal to A2G2(t). The experimental

A2G2(t) function, thus, is defined as the spectra ratio. The A2G2(t) for both the

"normal" and "reverse" spectrum were calculated and saved to their
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corresponding files. The byte to byte translation of the raw data was also saved

and transferred along with the A2G2(t) files to an Apple Macintosh II computer via

an external 51/4" floppy drive and Apple File Exchange program. The raw data are

used to check the alignment of the time zero channels; if misalignment is found, the

spectrometer is realigned and the experiment is repeated immediately.

4.1 Data analysis

The Fourier transform (FT) of the A2G2(t) was performed for most of the

A2G2(t) files to serve as a preliminary determination of essential PAC information,

e.g., the number of possible unequivalent probe sites, the PAC frequencies for each

site, etc. For a fast Fourier transformation (FFT) of the A2G2(t), the timedomain

data were multiplied by a timedomain window to reduce the spurious peaks in the

Fourier spectrum due to the finite extension of the data. The windowed time data

was reflected to negative time to increase the data range. A cosine window, which

proved to have the best balance in producing narrowest main peaks and smallest

sidelobes, was used in finding the FT for the A2G2(t) function throughout this work.

A nonlinear leastsquares fitting routine 84 based on Marquardt's algorithm

was used to fit the experimental A2G2(t) function. In the fitting routine, an

appropriate theoretical expression of the A2G2(t) function was convoluted with the

system time resolution function to account for the finite instrumental resolution of

the spectrometer, and a Lorentzian distribution to account for the distribution of

EFG. For a converged and meaningful fit, a hard copy of the fitted parameters and

curve was obtained. For multiple sites spectra, FT of the theoretical curve is

performed to compare with the FT of the experimental A2G2(t) function. A block

diagram view of the data reduction procedure is given in Fig. 4.1.
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Fig. 4.1. Block diagram view of the PAC data reduction process. The experimental
A2G2(t) (b) is computed from the background corrected coincident counts
for 90° and 180° detector pair which is illustrated in (a). (c) the Fourier
transform of (b) is performed to obtain a rough estimation of the PAC
frequencies and number of possible sites. The computer fit to (b) is
attempted and the time domain fit (d) and Fourier transforms for the fitted
function and experimental A2G2(t) (e) are inspected carefully to ensure the
fit is accurate in every aspect.



79

4.2. Fitted and derived PAC parameters

A successful fit could provide a few parameters from which other physical

quantities can be extracted. Among the fitted PAC parameters that are relevant to

this work are

: observed effective ansiotropy, i.e. the true A2 reduced by solid angle

correction factor and by other known or unknown sources.

: relaxation constant, which gives the relaxation rate of the probe nuclei due to

fluctuating EFG.

04, (02 : PAC frequencies, which depend on the strength of the interaction

between the nuclear quadruple moment and the EFG due to the

environment and asymmetry of the EFG.

8 : relative distribution of the EFG,8 =
Au)

, a measurement of the quality of the

sample.

fi : fractional weight of the ith site, Z = 1.

Two physical quantities, asymmetry parameter tl and electric field gradient

magnitude Vzz which are important to this work, can also be derived from these

fitted parameters. The asymmetry parameter rl (2.49), which is derived from the

PAC frequencies o and 0)2, is related to the crystal symmetry of the probe

environment. For electric field gradients due to an axially symmetric lattice t1 = 0,

while for sites with lower symmetry 0 5. i 5 1. The electric field gradient magnitude

Vzz (2.57) at the probe can be represented as the sum of a lattice part due to the

contribution of the ionic cores of nearby atoms, and an electronic part which arises

from the influence of covalent bonds, conduction electrons, and unfilled electronic

shells of the probe atom. Since ZrO2 is an insulator and Cd2+ has a closed
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electronic shell , the latter two should be negligible. It has long been realized that

even for a closed electronic shell probe, the electronic shell is distorted by the

external electric field. The observed nuclear quadrupole interaction can be greatly

enhanced due the proximity of the electrons around the probe ion core. For a

cadmium probe, the observed electric field gradient magnitude Vzz can be

parameterized as:85

Vzz = ( 1 Yoo ) Vzz(lat) (4-7)

where Vzz(lat) is the EFG due to the ion cores in the lattice or the lattice EFG,

and ye, is the Sternheimer antishielding factor which is negative for most ions. A

rather complete tabulation of Y. for the closedshelled ions, calculated using a

relativistic HartreeFockSlater electron theory, can be found in the literature.86

For the Cd2+ ion, the Y. is 29.27.
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5. Pure and lightlydoped zirconiaexperimental results

We are unable to find any literature regarding the use of 111Cd as a PAC

probe to study zirconia. Therefore, it is necessary to calibrate the 111Cd probe

before applying it to zirconia systems. Determination of the anisotopy of

successive gammarays from an 111Cd, which can be used as a criterion to judge

the quality of the computer fit, is described in section 5.1 for our spectrometer.

Since the polymorphs of pure zirconia are wellknown, it provides a natural starting

system for our study (Section 5.3). In section 5.4, the results of the 111Cd PAC

study of the lightlydoped zirconia are presented.

Pure and lightlydoped zirconia samples were made by a precipitation

method (Section 3.2) from carefully prepared nitrate or chloride solutions of proper

composition. The sample was contained in an alumina capsule, and placed in the

PAC furnace, which was kept at constant temperature. The samples were exposed

to the atmosphere at all temperatures. PAC spectra were accumulated, typically

for times of 8 to 24 hours, at various temperatures until the desired temperature

range was covered, or the sample became too weak.

5.1. The effective A2 of 111Cd

The anisotropy A2 of the gammarays cascade from a 111Cd is well

established and the best value is 0.180(2)65. A2 depends only on the spins of the

nuclear levels and multipolarities of the radiations involved in the deexciting

processes. The experimentally measured A2 should thus be independent of the

environment of the probe atoms, provided all the possible sources which contribute
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the variation of A2 from the true value have been corrected. By inspecting the fitted

A2, one is often able to learn whether all the probes have been accounted for.

Several sources, that have long been known to cause the anisotropy A2 to

deviate from its true value, are

(i) finite size attenuation (Ya) since real samples and detectors have finite size,

the measured anisotropy is an average quantity.

(ii) finite time resolution attenuation (7b) the finite time resolution of the

spectrometer causes the observed spectrum to be a convolution of the true

spectrum and system resolution function. In literature, a Gaussian shape

spread is often assumed for the system resolution function.79

(iii) Compton scattering (ye) in this work, the samples are placed in the PAC

furnace (Section 3.1.5.); thus the gammarays need to penetrate layers of

materials before reaching the scintillator. As the gammaray scattered

through small angles without significantly losing their energy, the apparent

detection angle of the detector is increased. Thus, Compton scattering yields a

very similar smearing effect on the A2 similar to the finite size attenuation.

(iv) sample selfabsorption87 (Yd) This happens most often for high Z samples.

In these types of samples the gammaray cascades travel in the 180° direction

is more likely to be absorbed than those of in the 90 direction, especially for

events that occur near the surface. In contrast to the previous three sources,

sample selfabsorption tends to enhance the magnitude of the anisotropy.

Thus, the measured or effective anisotropy is related to the true A2 by

A2eff = YaYbYcYd'YeA2

where ye is the correction factor for all other unknown sources.

(5-1)
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The bestknown source that contributes to the variation of A2 is the finite

size effect of the PAC sample and the gammaray detector. In computing the

spectra ratio, (4-5,6), the point source and point detector approximation was

assumed. In practice the ideal condition is never fulfilled. Under the assumptions

CO2(180°, t) = C13(180°, t), C12(90°, = CO3(90°, t) and point size source and

detector, the spectra ratio in (4-5,6) reduces to:

A2G2(t)[P2(180 °) P2(90°)] G(t)R(t) = 2
3 + A2G2(t)[P2(180°) + 2 P2(90°)]

2 (5-2)

If one takes the finite size of the source and detector into account, the angular

correlation function needs to be replaced by one that is a spatial average over the

effective angles spanned by the source and the detector. The R(t) becomes

R(t) = 2
A2G2(t) P2(180°)> <P2(90°)>]

3 + A2G2(t)[<P2(180°)> +2 <P2(90°)>]

Since < P2(180°) > + 2 < P2(90°) > 0, the spectra ratio are

(5-3)

R(t) = 3 A2G2(t)[< cos2180°> < cos290°>] = ya A2G2(t) (5-4)

where ya = 2/3 [ < cos 2 180° > < cos2 90° ] is the correction factor for finite

size effect. An empirical formula, with the assumption of a point sample has also

been proposed by Collins,88 which states

ya --- 1 1.1 sin2ot (5-5)
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where a = tan-1(r/d) with r the radius of the scintillator and d the sample-detector

separation.

Since it is impossible to account and correct for all the factors which result in

the A2 variation, an experimental determination of the effective A2 of the PAC

spectrometer is more practical. The effective A2 can be measured easily if the

perturbing fields on the nucleus can be removed, which occur when the probe sits at

the regular site of a perfect cubic lattice, or when the correlation time of the

perturbing fields is very short, which usually occurs in molten metals and dilute

aqueous solutions. Among the several possible environments, the aqueous

solution route is the most attractive one, since it avoids the difficulties in finding a

perfect cubic lattice or in preparing the molten metal. For sample preparation, a 3

mm ID closed one end quartz tube, that has previously been carefully cleaned with

dilute hydrochloric solution and de-ionized water, was taken to which a proper

amount of dilute radioactive 111In containing HC1 solution was injected. Special

care has been taken to ensure that the spectra obtained were mostly come from

tracer nuclei in the solution. The length of the samples was, typically, less than or

equal to 8 mm which closely resembles the size of our zirconia samples. The PAC

measurements of the aqueous samples were done at room temperature over

several sample-detector distances, both inside and outside the furnace.

Representative PAC spectra of aqueous samples are illustrated in Fig. 5.1. From

the spectra, they clearly indicate that the correlation time tic the 111Cd in the dilute

hydrochloric solution is very short, which results in a near negligible relaxation

effect on the probe nucleus. The Abragam and Pound result is applicable (2-83),

hence the spectra ratio is fitted to the expression:
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Fig. 5.1. PAC spectra for 111Cd in dilute HC1 solution. The spectra on the left were
taken for a sample in the PAC furnace at d = 4 and 7 cm. Spectra on the right
were taken for the same sample outside the furnace.



A2G2(t).A2ff e_)1/4.2t

86

(5-6)

In the computer fit, both the effective A2 and the relaxation constant A.2 are freely

varying parameters. Fig. 5.2 summarizes the A2 from the computer fits to the

experimental data, a MonteCarlo calculation for a 1.5" diameter scintillator using

(5-4),44 and attenuated A2 calculated using (5-5).

In analyzing the experimental data, the fitted A2 is compared with measured

effective anisotropy of the spectrometer and served as one of the criteria for a good

fit.

5.2. Sample characterization

The PAC spectra of pure Y203, In203, and aA1203 have been measured to

ensure they are properly identified if the spectra for zirconia samples should phase

separate into microdomains of them embedded in zirconia matrix. Yttrium and

Indium occur as dopants contained in the lightlydoped zirconia samples, and a

A1203 is the major component of the PAC sample holder.

Y203 and In203 samples were made by the same method and procedures

as zirconia samples (section 3.2.1). The representative spectra for them are

shown in Fig. 5.3(a) and Fig. 5.3(b). A1203 samples were made by diffusing of

111In source into commerciallyobtained A1203 at 1200 °C. A representative

spectrum taken at 1000 °C is shown in Fig. 5.3(c).

Both In203 and Y203 at atmospheric pressure have bixbyitetype Th7

crystal structure.8 The unit cell contains 16 formula units (32 indium and 48 oxygen

atoms) and have two unequivalent cation sites with relative population of 3:1.
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spectra are on the left, and their corresponding Fourier spectra are shown on the
right.
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Since the minority site has axial symmetry, onethird of the intensity of the PAC

should be associated with sites having asymmetry parameter T1 = 0, provided the

111Cd probes occupy the substitutional sites. The aaluminum oxide possesses

Corundom structure which has space group D3d6.8 This structure perhaps is best

considered as a slightlydistorted hexagonal closepacking of oxygen ions with

small aluminum ions ( r = 0.54 A for Al3+) lying in some of the interstices. For a

A1203 each aluminum atom occupies an equivalent axially symmetric site which is

surrounded by 6 oxygen atoms.

The perturbation function for a site with static quadrupole interaction, (2-

74), can be expressed as:

3

G2( t) = S20+ S2n cos(Wn t)exp (-5(On t)
n=1

(5-7)

The damping factor is included to account for small variations in the electric field

gradient due to random imperfections such as impurities, lattice defects, etc. From

our experience, the Gaussian broadening model often overestimates the damping

while the Lorentzian model provides a more satisfactory result. A twosite model,

A2G2(t).A2ff {(1_ f ) + f GT] (5-8)

is used to fit the experimental data, where f is the relative fraction of the second

site. In the computer fit, the effective A2, f, coi and co2 of each site, EFG

distributions are freely varying parameters. The geometrical factors Sn have been

expressed as polynomial expansions of the ratio (02/04, and are recalculated

accordingly for each iteration in the computer fits. The same procedure for updating
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the geometrical factors during the computer fits was employed throughout this

work.

The fitted PAC parameters for these compounds are summarized in Table

5.1. Our PAC results agree rather well with known structural information and the

1n203 result is almost identical to a similar measurement from another group.60 All

samples were further checked by x-ray diffraction. Their Debye-Scherrer patterns

indicate that the samples are of single phase and exhibit the characteristic lines

reported in literature. 89,90,91

Table 5.1. Summary of measured and derived parameters for 111Cd in Y203, In203,
and A1203.

1n203 (1000°C) Y203 (1200°C) A1203 (1000°C)

fl (%) 72.3(14) 77.3(18) 55.3(29)

10-6 col sec-1 160.2(2) 132.9(2) 200.8(3)

it 0.69(1) 0.73(1) 0.03(3)

10-16 V;z(lat) (V/cm2) 2.07(1) 1.67(1) 3.50(1)

81 (%) 0.46(8) 0.93(10) 0.32(12)

f2 (%) 27.7(14) 22.7(18) 44.3(29)

10-6 aq sec-1 147.3(4) 148.1(4) 250(13)

12 0.04(2) 0.02(2) 0.5(1)

10-16 V;(lat) (V/cm2) 2.70(4) 2.72(1) 3.3(1)

82 (%) 0.57(20) 0.20(2) 21.0(47)
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The xray characterization of our zirconia samples was performed after the

PAC measurements were completed and most of the radioactive 111In nuclei have

decayed. The DebyeScherrer patterns of our zirconia samples showed most of

them were single phase monoclinic zirconia at room temperature. The xray

pattern for zirconia doped with 2 at.% indium oxide is given in Fig. 5.4. Even

though the xray spectrometer is not calibrated and the lattice may change slightly

due to the inclusion of dopants, the Bragg lines agree very well with the published

result for a single phase monoclinic pure zirconia.92 Each zirconia PAC sample was

checked carefully against the known PAC lines for the dopant oxides and by xray

diffraction. If any contrary was found or any doubts arose the experiment was

repeated with another sample. Most PAC measurements were repeated to check

the reproducibility of the results.

5.3. Pure zirconia

In single phase pure zirconia in where only one type of cation site exists.

One expects all the probe nuclei to occupy equivalent lattice locations, if the tracer

sits in a simple substitutional site. The Fourier transforms of A2G2(t), in principle,

should exhibit sets of frequency triplets corresponding to the EFG characteristics

of the crystalline phases. Typical spectra for monoclinic zirconia above 700 °C and

tetragonal zirconia are shown in Fig. 5.5. Their frequencydomain spectra clearly

exemplify the nature of the corresponding crystal structures. The frequency triplet

of the axially symmetric tetragonal phase is near the expected ratio (01 : o)2 : co3 =

1 : 2 : 3. In monoclinic zirconia, which possesses lower crystal symmetry, (02/0)1 <

2 was observed. Fig. 5.5(b) is the spectrum for a partially transformed sample.

The spectrum was observed for a sample that was heated to and held at 1184°C,
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Fig. 5.4. Room temperature xray diffraction pattern for monoclinic Zr0.981n0.02 01.99
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Fig. 5.5. PAC spectra for pure zirconia at various temperatures. Spectrum (b) was
taken in the transition region, and the spectrum shows two sets of frequency
triplets corresponding to monoclinic and tetragonal phases.
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which is a temperature within the transition region. The Fourier transform in Fig.

5.5(b) shows 2 sets of frequency triplets corresponding to monoclinic and

tetragonal phases, respectively. The intensity of the PAC signal is closely related

to the volume fraction of its matching phase. Spectra taken below 700°C showed

considerably more complicated patterns. This result is quite surprising, but highly

reproducible, since the monoclinic structure should be stable in this temperature

range and the same type of spectra are expected across all temperatures in this

phase. A temperature evolution of the PAC spectra is illustrated in Fig. 5.6.

Monoclinic spectra above 700 °C were fitted to a two static site model:

A2G2(t) = Alff [(1 f ) + f GP] (5-9)

The second site was included to account for a poorly defined site whose fraction

varied from sample to sample. Aftereffects,58,59 which are due to the electron

capture transition of the parent isotope 1111n, may be the most probable cause for

this very broad second site. The 1111n to 111Cd electron capture decay process

creates a electronic hole in the K shell of the daughter isotope 111Cd. When the

hole diffuses outward to the outer shells, additional holes could be produced by

Auger processes. Eventually the holes will be refilled by the electrons existing in

the surrounding material, but if the lifetime of these holes persist long enough after

the emission of the first gammaray, which most often occurs in intrinsic

semiconductors and insulators,60 an additional perturbation could occur due to the

interaction between the magnetic moments of the 111Cd nucleus and the holes.

When the strengths of the quadrupole and the magnetic interaction are comparable,

the PAC becomes very complicated and hard to interpret and may result in the

seemingly very broad second site.62
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Fig. 5.6. PAC spectra of 111Cd in pure monoclinic zirconia.
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Spectra below 700°C contain at least two more sites (Fig. 5.6) besides the

majority site of the high temperature regime (the site will be designated as the high

T site from now on). The fractional weights of these sites grow with decreasing

temperature. The signal from the high T site disappears completely around 300°C.

The same kind of trend and behavior were observed repeatedly with all the pure

zirconia samples, although the fractional weight of each site and the exact

temperature where the high T site vanishes completely vary slightly from sample to

sample. Besides the three easily identifiable sites, another illdefined site is

needed in order to give a satisfactory fit to the data in this region. The reason

behind this site is the same as the very broad site for the data above 700°C. The

data could be fitted to the following expression:

A 2G 2(t) = Ae y, f.G(i)
2 . 2

1=1 (5-10)

where all four sites are static and E fi = 1. As the temperature of the sample is

lowered below 200°C, the oscillatory nature of the spectra diminishes further, the

computer fit becomes very difficult, and efforts to obtain a meaningful fit have not

been successful.

In the data reduction process, the effective anisotropy A2, site fractions fi,

PAC frequencies (01 and co2, of the welldefined sites, col of the second site, and

relative EFG distributions 8 are freely varying parameters. The frequency co2 of

the illdefined site is fixed to be twice the first frequency, since this site is so broad

that the value of 0)2 bears little effect on the final outcome of the computer fit. In

the high temperature regime (T > 700°C), the EFG for the majority site is well

defined and shows a weak temperature dependence. The computer fitted
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parameters are w1 = 110.0(2) x 106/s, (02= 145.0(3) x 106/s, 8 = 0.008(2) at

1000°C. When compared with the result from 181Ta PAC measurements in the

same material, 111Cd samples a lattice EFG of comparable strength, but with

higher asymmetry after the differences in quadrupole moment and Sternheimer

antishielding factor have been corrected. Below 700°C, two more pronounced sites

(designated as LT1 and LT2) appeared along with the the high T site, each site

having a EFG distribution smaller than 3%; which indicates those sites are well

defined. The LT1 site has (01 = 169.0 x 106/s, (02= 295.0 x 106/s and the LT2 site

has col = 190.0 x 106/s, (02 = 330.0 x 106/s at 400°C.

In the tetragonal phase, spectra (Fig. 5.5(c) & (d)) unambiguously exhibit

the relaxation characteristics of probe nuclei due to the dynamic nature of the

environment. The relaxation is most probably induced by the diffusive motion of the

oxygen vacancies in the sample since they are the most mobile species in this

regime. Single phase tetragonal spectra were fitted to a dynamic quadrupole

relaxation model (2-87):

A
2 2 2
G (t) =A exp(X 20t)

20 20 0
s + s exp(a )

3

E s
2n

cos(COn t)exp(--own t) exp (a n)]
n=1

where

(5-11)

ao = 3.525 (5-12a)

al = 2.343 (5-12b)

a2 = 3.071 (5-12c)

a3 = 5.899 (5-12d)
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During the computer fit, we discovered that the exp(-8cont) and exp(adt,20t)

factors in (5-11) interact very strongly with each other, which often leads to

physically meaningless fitted parameters. In order to improve convergence of the

computer fit, a more elaborate procedure was taken to analyze the tetragonal data

by reducing the number of free variables allowed in the fitting routine. The absolute

EFG distribution can be estimated with good accuracy from the high temperature

monoclinic data where the 8 is small and welldefined. The relative distribution of

the EFG was fixed at the estimated value for each fit and updated according to the

fitted PAC frequencies. The correctness of the computer fit can be easily checked

by inspecting the fitted A2G2(t) vs. the experimental data and by comparing their

Fourier transforms. The capability of comparing the Fourier transforms of fitted and

experimental A2G2(t) has proven to be very valuable. Quite often the computer

routine gave an excellent timedomain fits to experimental data while failing to

account for all the major frequency peaks. The frequencies of the major peaks are

approximately 32, 63, and 95 x 106/s at 1305°C which result in a near symmetric

EFG = 0.09) but its lattice EFG magnitude, Vzz(lat), is only about onefifth of

that of 181Ta probe.

If both monoclinic and tetragonal phases are present, the data were fitted to

a twosite model

A2G2(t) = [(1 f)Gr(t)+f Gg)(t)] (5-13)

where f is the tetragonal fraction and G2(M)(t) and G2(T)(t) are the perturbation

functions for the monoclinic and tetragonal phases, whose forms have been given in

(5-7).
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Detailed computer fits to the experimental data yield the parameters plotted

in Figs. 5.7, 5.8, 5.9, and 5.10. Fig. 5.7 shows the lattice EFG magnitude Vzz(lat)

(a) and asymmetry parameter 1 (b) as a function of temperature for both

monoclinic and tetragonal phases. The data points for the monoclinic phase were

taken from samples that have never been transformed into the tetragonal phase.

Data points for the tetragonal phase were taken on a sample on cooling from 1305

to 1000°C. In the monoclinic phase, both Vzz(lat) and ri show that above 700°C

only one welldefined site exists while below about 700°C at least three sites

could be identified from the spectra and the high T site vanishes below 400°C. On

transformation from monoclinic to tetragonal phase or vice versa, both V(lat) and

rI posses distinguishably different values. Fig. 5.8 gives the fractional weights of

the three sites in the monoclinic pure zirconia and they have been normalized so

that the sum of their weights is equal to unity. The data show considerable scatter

due to the fact that there are four sites in the computer fit and they interact

strongly. The results show in Fig. 5.8 are only semiquantitatively. The same kind

of evolution with temperature has been observed for all the pure zirconia samples

measured in this temperature range.

In Fig. 5.9, the PAC frequencies (01 and (o2 (a) and asymmetry parameter 1

(b) derived from (a) for the tetragonal zirconia are shown. The derived lattice

EFG magnitude Vzz(lat) and relaxation constant from the computer fit are

plotted as a function of temperature in Fig. 5.10. Contrary to the 181Ta PAC result

in tetragonal zirconia, the asymmetry parameter rl measured by the 111Cd PAC is

not zero and shows an increase with decreasing temperature. The PAC

frequencies and Vzz(lat) also show the opposite trends when compared with the

181Ta results. Furthermore, the tetragonal spectra indicate that the 111Cd probe

nuclei were relaxed, which can be characterized by a relaxation constant 7 ; that
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was not observed by 181Ta PAC in pure zirconia. increases with decreasing

temperature, which indicates that the relaxation of the 111Cd probe nuclei is more

effective at lower temperature.

5.4. Lightlydoped zirconia

The ionic transport properties of pure zirconia have been proved to depend

critically on the amount of unintentional impurities in the samples.93 In order to

investigate the dynamics of oxygen vacancies in zirconia, the oxygen vacancy

concentration was controlled by doping with In203 or Y203, which introduce

vacancies, or with Nb2O5, which removes vacancies. Doping with macroscopic

amounts of dopants enable us to determine the oxygen vacancy concentration with

reasonable accuracy since the amounts of vacancy due to the unintentional

incorporated impurities are negligible in comparison. The doping levels of In203,

Y203, or Nb2O5 used were less than 2 at.% for all samples.

5.4.1. Niobiumdoped zirconia

From the observation of the PAC spectra in pure tetragonal zirconia, it is

very easy to recognize the relaxation signature of fluctuating EFG. The relaxation

of probe nuclei was manifested in the form of an unusually strong temperature

dependence of PAC frequencies, asymmetry parameters, and decaying of A2G2(t)

at longer time. The relaxation is due to some type of atomic motion in the sample.

Since the most mobile species in this temperature region is oxygen, the most

probable cause for this behavior is oxygen. Hence it is desirable to establish the

baseline for various PAC parameters without the influence of oxygen vacancies.
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By doping with pentavalent dopants, oxygen interstitials are introduced into

the sample as charge compensators. From the mass action law, (1-1), between

the oxygen vacancy and interstitial, as the concentration of pentavalent dopants

increases the concentration of oxygen vacancies will be suppressed to a negligible

level. Three types of Nb2O5 containing zirconia samples, with the concentration of

0.1, 0.5, and 2.0 at.%, were investigated. The spectra for the 0.1 at.% Nbdoped

samples show nearly identical features to those of pure zirconia (Fig. 5.5(c) and

(d)). Because a chemical analysis of the starting solution was not performed, the

concentration of residual impurities incorporated during the initial processing of the

starting solution other than niobium are unknown. For example, the yellowish color

of the starting solution is caused by about 300ppm of Fe3+ ions. These

observations have prevented us from concluding that the 0.1 at.% Nb2O5 samples

provide the lower limit for the concentration of oxygen vacancies contained in our

samples. As the doping level increased to 0.5 at.%, the tetragonal spectra show

little variation between 1000 and 1400 °C ( Fig. 5.11(c) and (d)). A static

quadrupoleEFG interaction model:

3

A2G2(t) = A2ff[S20 E S2n cos(COnt)exp(-80)nt)]
n=1

(5-14)

gives a good fit to the experimental data.

As the doping level increased further to 2.0 at.%, the spectra, again, showed

little temperature dependence and have PAC frequencies comparable to that of 0.5

at.% niobium doped sample. At this doping level, the probability, p, for each

zirconium not to be replaced by a niobium is 0.98. Since for a given cation, there are

12 nearestneighbor cationic sites which give the probability of p12 = 0.78 not to
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find a niobium impurity in this shell. In other words, the probability to find that a

cadmium PAC probe with at least one niobium in the nearestneighbor cationic

shell is 22%. At this doping concentration a single site model could no longer

provides an adequate fit to the experimental data, and an additional second site is

needed. The data were fitted to the expression given in (5-9). In the fitting model

the first site describes 111Cd probes with distant niobium impurities and a second

site for the probe nuclei with niobium in the nearestneighboring cationic shell.

Fig. 5.12 and Fig. 5.13 summarizes the parameters for two 0.5 at.%

niobiumdoped zirconia in the tetragonal phase. The hafnium contained in these

two zirconia alloys are 50 ppm and 2 at.%, respectively. Among the fitted or

derived parameters, all but relative EFG distribution, Fig. 5.12(b), have identical

values within experimental uncertainty. The fitted relative EFG distribution, 5,

show consistently larger values for samples contain 2 at.% Hf. The same

puzzling results have also been reported for 181Ta PAC measurements on

zirconiumhafnium alloys, in spite of their chemical similarity.94 To simplify the

interpretation of our experimental results, nuclear reactor grade zirconia samples

which have hafnium content of 50 ppm have been used in this work. When doped

with 0.5 at.% or more pentavalent Nb into the zirconia samples, the relaxation of

111Cd nuclei is negligible and the PAC frequencies, Vzz(lat), and ri all increase

with decreasing temperature which are contrary to the observations for pure

zirconia.

5.4.2. Yttriumand Indiumdoped zirconia

Several lightlydoped zirconia samples containing 0.1 to 2.0 at.% yttrium or

indium were prepared by a precipitation method which is described in section 3.2.1.
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Typical tetragonal spectra and their Fourier transforms for a Zr0.997Y0.00301.9985

sample are depicted in Fig. 5.14. The monoclinic spectra very similar to the ones

shown in Fig. 5.15 which were observed for all the yttrium and indiumdoped

zirconia samples. The lack of well defined spectra make a quantitative analysis of

the monoclinic data very difficult. Therefore, the major effort on these zirconia

alloys has been focused on the samples in the tetragonal phase.

In the tetragonal phase, the spectra show decaying amplitudes in the longer

time region of the A2G2(t) functions which are very similar to those of pure

zirconia. The relaxation becomes more significant and the PAC frequencies

decreases as the temperature of the sample decreases. The shifting of the PAC

frequencies to a lower value can be easily observed by inspecting the Fourier

transforms of the timedomain spectra.

The tetragonal data were fitted to the dynamic relaxation model as stated in

(5-11). A procedure very similar to the one used for pure tetragonal zirconia is

taken to fit the data. The EFG sampled by the 111Cd probes is composed of two

parts; static and fluctuating EFG. The static EFG originates from charges in the

lattice and the fluctuating EFG is due to the diffusive motion of oxygen vacancies in

the anionic sublattice. The absolute static EFG distributions for indium and

yttriumdoped zirconia are taken from computer fits to the niobiumdoped zirconia

with corresponding concentration or from extrapolation. The magnitudes of the

EFG distribution may not be identical for the zirconia with the same doping level of

yttrium and niobium, since the types of charge compensator introduced are different.

The oxygen interstitials in the niobiumdoped zirconia are not very mobile between

1000 and 1400°C, thus they contribute to the broadening of static EFG. While the

oxygen vacancies in the yttrium and indiumzirconia jump rapidly between 1000

and 1400°C, and their contribution to the broadening of the static EFG may be
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different from that of interstitials in Nbdoped tetragonal zirconia at the same

temperature. Since a precise determination of the static EFG distributions for our

Y or Indoped zirconia is not currently feasible, the quantities determined or

extrapolated from the niobiumdoped zirconia were used. For 1.0 and 2.0 at.%

indium and yttriumdoped zirconia, the relaxation of the probe nuclei become the

more dominant effect and the frequencies of PAC spectra are very poorlydefined.

The dynamic relaxation model, Section 2.5.2, employed in this work may not be

applicable, hence the data reported in this work are only on samples with doping

levels of 0.5 at.% or less. In the computer fit col, (02, and relaxation constant Xo are

kept as freely varying parameters.

Computer fitted PAC frequencies, derived asymmetry parameter 1, lattice

EFG magnitude Vzz(lat), and relaxation constant X for 0.2, 0.3, and 0.5 at.%

yttriumdoped zirconia are shown in Figs. 5.16 and 5.17. They exhibit the same

trend with respect to temperature as in pure zirconia, and all scale with

concentrations of the oxygen vacancies introduced in the samples.
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Fig. 5.16. (a) PAC frequencies and (b) r for three Ydoped zirconia samples. PAC
frequencies clearly decrease with decreasing temperature and with increasing
yttrium concentration.



115

0.6

0.5

0.4

0.3

0.2

0.1

5.0

4.0

3.0

2.0

1.0

0.0

(a)

O

0

0

a
0

0

a

0

O

o 0.2 at.%

0.3 at.%

0.5 at.%

900 1000 1100 1200

T(°C)

1300 1400 1500

Fig. 5.17. (a) Vzz(lat) and (b) for three Ydoped zirconia samples. Vzz(lat) and
relaxation constant depend on both temperature and oxygen vacancy
concentration. The solid lines are a guide to the eye.



116

6. Pure and lightlydoped zirconiadiscussion of results

6.1. Monoclinic zirconia

Above 700°C, the lattice EFG magnitude, Vzz(lat), sampled by inCd PAC

probes for the high temperature site decreases monotonically with increasing

temperature (Fig. 6.1). The Vzz(lat) from 111Cd PAC measurements are roughly

65% of those measured by 181Ta but the asymmetry 11 is twice as large. The

asymmetry parameter increases with increasing temperature. Such a temperature

dependence is expected, since the thermal expansion coefficients are very

anisotropic for monoclinic Zr02 with the coefficient for baxis being only onetenth

those of a and c axis. As the temperature of the sample increases, the lattice

expands much faster in the adirection than in the bdirection which makes the

lattice more asymmetric and, thus, increases rt. From the magnitude of V (lat)

and narrow EFG distribution measured by 111Cd probes, we can conclude that the

111Cd PAC tracers substitute in the regular zirconium sites. As a comparison,

Vzz(lat) has also been computed based on a simple point ion model. In the

calculation, both Zr and 0 are treated as point ions with formal charges of +4 and

2 in the lattice. The lattice dimensions and positions of ions reported by Smith and

Newkirk9 were used, while the thermal expansion coefficients were taken from

Patil and Subbarao.10 Due to the simplicity of the point ion model, this type of

calculation is expected to be only an order of magnitude estimation. The lattice

sum was carried out for all the ions within 50A of a chosen cation. The resulting

lattice EFG magnitude Vzz(lat) and asymmetry parameter Ti are plotted in Fig. 6.1

as solid lines with label M, and summarized in Table 6.1 alongside with the results

from the 111Cd and 181Ta PAC experiments. The calculated lattice EFG agrees
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Fig. 6.1. Lattice EFG and asymmetry parameter 11. Pointion calculations are shown
as solid lines labeled with M and T.
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Table 6.1. Summary of Vzz(lat) and 11 for pure and lightly-doped 2102.

Monoclinic (800°C) Tetragonal (1200°C)

(01

106 sec-1

11 Vzz(lat)

1016 V/cm2

0)1

1 06 sec-1

11 Vzz(lat)

1016 V /cm2

ZrO2 (Cak) 84.5 0.34 1.32 91.6 0.0 1.62

ZrO2 (111Cd) 104.6(3) 0.63(2) 1.34(3) 31.4(2) 0.10(2) 0.54(1)
ZrO2 (181Ta) 847(2) 0.32(2) 2.22(2) 993(1) 0.01(1) 2.80(4)
Zr02-0.5 at.% Y 20.5(3) 0.24(2) 0.34(1)
Zr02-0.5 at.% In 20.0(4) 0.28(2) 0.32(2)
Zr02-0.5 at.% Nb 105.1(3) 0.60(2) 1.38(2) 38.5(3) 0.19(1) 0.65(2)

surprisingly well with the experimentally determined values from the 111Cd PAC

measurement but only accounts for -65% of those seen by 181Ta measurements.

Considering the uncertainty of the Sternheimer antishielding factors used in

extracting the lattice EFG, the 111Cd and 181Ta results are in good agreement. The

calculated asymmetry parameters are roughly half of those measured by 111Cd

PAC, but reproduce the 181Ta PAC results rather well. Also the temperature

dependence of the calculated asymmetry parameter ri is weaker than the

experimental values. The ionic radius for the Cd2+ and the Ta5+ PAC probes are

0.97 and 0.68A, respectively, while the host cation, Zr', + has an ionic radius of

0.78A.124 It is not clear how the mismatches in ionic sizes and charges affect the

local lattice around Cd2+ or Ta5+ impurities. The local lattice around a Cd2+ ion
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could relax or distort slightly to a more asymmetric configuration, which may

account for the substantial difference in the asymmetry parameter It is also

possible that the lattice EFG at the 181Ta substitutional site is different from that

of Zr, and the good agreement in asymmetry parameters may be accidental. An

ongoing Zr nuclear magnetic resonance (NMR) experiment may be able to give a

more definitive answer to this question.

Below 700°C, the 111Cd PAC spectra indicate that there are three well

defined sites which coexist down to 300°C, where the line width 5, which

describes the distribution of the EFG, are typically less than 5% for all three sites.

The intensity for the two low temperature sites grows with decreasing temperature

and at the expense of the high temperature site. On heating, the process is

reversed, and the two low temperature sites disappear above roughly 700°C. The

same type of temperature evolution was observed reproducibly for all the pure

zirconia samples. In the niobiumdoped zirconia, the oxygen interstitials are

created as the charge compensators, thus the vacancy concentration is greatly

reduced under the requirement of the mass action law, (1-1). But the same types

of phenomenon were still observed in all the niobiumdoped zirconia. This is a very

strong indication that the two low temperature sites are not oxygen vacancies

induced effects, but Cd2+ induced local distortions.

In either temperature regime, a very broad site is always needed in the

model to give a reasonable description of the experimental data. For pure zirconia,

the fraction of the very broad site varies among samples, while decreasing with

temperature. The fraction of the broad site can be increased to near 100% by

doping the zirconia with at least 0.2 at.% yttrium or indium, or it can be reduced

substantially when doped with niobium. Based on these observations, it seems to

be plausible to assume that the broad site is an oxygen vacancy induced



120

phenomenon. Under this model, one would expect, regardless the concentration of

yttrium dopants in the samples, the intensity of the high temperature site to be

reduced no more than 50%, since one vacancy is created for every two yttriums or

indiums doped. There are only half as many oxygen vacancies as yttriums or

indiums. Though in yttriumdoped zirconia, one may argue that the In3+ are deeper

vacancy traps than the Y3-1-, thus there are vacancies in close association with

every 1111n parent isotope. Owing to the proximity of vacancies to the Cd probes, a

very large EFG is created and wipes out the correlation pattern. But the indium

doped zirconia show almost identical spectra, which is inconsistent with this

vacancy trapping model.

Another possible cause is due the aftereffects of the 111In to 111Cd

transition, Section 5.3. The lifetime of the holes in the outermost electronic shell

depends on the availability of the free electrons in the environment of Cd probes.

This observation has been confirmed very nicely for 111Cd in pure and Sndoped

In2O3 semiconductors. 60 If the aftereffects indeed are the cause for the broad site,

then this implies that the concentrations of free electrons are very different for

trivalent and pentavalent cation doped zirconia. From the characteristics of the

spectra, it indicates that the charge compensation by oxygen vacancies or

interstitials in the aliovalent cation doping maybe the major but not the exclusive

channel. In the niobium doped zirconia, not all the niobiums are charge

compensated by interstitials and a small fraction of them retains the excess

electron with them. These excess electrons can be thermally excited into the

conduction band of ZrO2 which increases the availability of the free electrons in the

samples, thus reduces the aftereffects and intensity of the broad site. In the

indium or yttriumdoped zirconia, some of the trivalent dopants are not charge

compensated by the vacancies. The holes in the uncompensated trivalent dopants
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may acquire electrons from the conduction band, this reducing the availability of free

electrons, which, in turn, increases the fraction of the broad site even with a very

small doping level.

6.2. The monoclinictetragonal phase transformation

The oxygen coordination shell for zirconium in monoclinic and tetragonal

zirconia is very different, thus for the Cd PAC probes in these two environments

give rise to different correlation patterns, Fig. 5.5. Several spectra accumulated on

heating and on cooling for a pure zirconia sample between 800 and 1305°C were

analyzed. In Fig. 6.2, the fraction of the tetragonal phase is plotted as a function of

the sample temperature. The data display the hysteresis loop characteristic of a

martensitic transformation.15 Due to the importance of the tetragonal to monoclinic

martensitic transformation in toughening of material, this transformation has been

studied extensively. 14,95,96 The thermal hysteresis in the transformation is

attributed to the different specific volumes of the monoclinic and tetragonal phase.

The strain involved in growing a monoclinic phase in a tetragonal matrix is different

from the strain of growing tetragonal phase in a monoclinic matrix. Hence, forward

and reverse transformations are associated with different strain energies which

leads to the hysteresis loop.

6.3. Tetragonal zirconia

Using the structural data from Teufer11 and the thermal expansion

coefficients from Patil and Subbarao,10 the lattice EFG of the pure tetragonal

zirconia is calculated as in the monoclinic zirconia. The computer calculated values,
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Fig. 6.2. Tetragonal fraction of pure zirconia. The data are taken on heating and on
cooling between 800 and 1305°C. The width of the thermal hyteresis loop is
200°C. The lines are a guide to the eye.
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again, are summarized in Fig. 6.1 (solid lines labeled with T) and Table 6.1 with

results from the 111Cd and the 181Ta PAC measurements. In contrast to the 181Ta

PAC results and to the point ion model calculation, the spectra measured by 111Cd

PAC do not reproduce the crystal symmetry of the tetragonal lattice rigorously.

Between 1000 and 1305°C, the values of n range from 0.20(1) to 0.09(1) for the

tetragonal pure zirconia. The asymmetry parameter 11 increase with decreasing

temperature; a trend which was not observed in 181Ta PAC measurements. The

magnitude of the lattice EFG, Vzz(lat), is only about onefifth that of the 181Ta

results. Moreover, the relaxation of the 111Cd PAC probes and the decrease of

welldefined PAC frequencies with decreasing temperature have not previously

been observed in the 181Ta PAC measurements on pure zirconia.

The relaxation effects in the tetragonal pure zirconia are caused by the

diffusive motion of the oxygen vacancies. This fact that has been verified by

selective doping of trivalent and pentavalent cations. When doped with yttrium or

indium cations, the relaxation constant of the 111Cd probes increases and the PAC

frequencies decrease with increasing doping concentration. Doping with sufficient

amounts of niobium, the relaxation phenomena are suppressed completely.

Without the influence of oxygen vacancies, the static lattice EFG of 111Cd in pure

tetragonal zirconia is still only about 40% that of the point ion model calculation and

about oneforth that of the 181Ta PAC results. The difference is outside the

experimental uncertainty. Since the electric field gradient decreases as r3, the first

nearestneighboring shell has the predominant contribution to the EFG. It is

conceivable that the four oxygen atoms at 2.065A in the first coordination shell

move away from the cadmium because of the Coulomb repulsion. By doing so, the

first coordination shell becomes more "cubiclike", hence the very small lattice

EFG seen by the 111Cd probes. For a tetragonal lattice, the EFG is axially



124

symmetric about the c-axis due to the equivalence of a and b directions. When the

pentavalent niobiums are introduced into the lattice and replace the zirconium, the

tetragonal symmetry of the host lattice is broken. The Nb dopants have an

effective charge of +1 in the cationic sublattice. From a simple point-ion model, the

Nb substitution in the Zr site can be visualized as a zirconium with an additional

unit of positive charge. The EFG sampled by the 111Cd probes is a superposition

of the axially-symmetric EFG originating from the regular tetragonal lattice and the

nonaxially-symmetric EFG contributed by this excess charge. Due to the

smallness of the EFG magnitude of the host lattice, the EFG generated by this

excess charge may be comparable in magnitude when in close association. Thus,

the asymmetry of the EFG sampled by the 111Cd probes deviates from zero and

varies from site to site. The observed asymmetry parameters 11 result from the

asymmetric EFG's sampled by the probes.

In the yttrium- or indium-doped tetragonal zirconia, the PAC frequencies

decrease with increasing doping level and with decreasing sample temperature

(Fig. 5.16(a)). The electric field gradient, measured by the 111Cd probes, consists

of two parts; the fluctuating EFG due to the diffusive motion of vacancies, and the

static EFG due to the lattice. The decrease of PAC frequencies at lower

temperatures could not be attributed to the vacancies in the second and more

distant anionic shells. The contribution of EFG due to the more distant vacacies is

small, since the magnitude of EFG is proportional to r -3. Furthermore in the

experimental temperature range, 1000 to 1400°C, the vacancy jump time is several

orders of magnitude shorter than the life-time of the intermediate state (-120 ns).

In this rapid diffusion regime, every anionic site around the probe is occupied, on

average, by a vacancy, thus the contribution of more distant vacancies to the static

EFG is motion-averaged and is negligible. It is possible that the motional average
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is incomplete at 1100°C or lower, but the residual contribution of the vacancies to

the static EFG should increase the PAC frequencies instead of decreasing them.

Between 1000 and 1400°C, the oxygen vacancies jump randomly in the

anionic sublattice. Eventually, a oxygen vacancy will jump into the first oxygen

coordination shell of a Cd2+ impurity. Under the influence of the Coulomb attraction

between the Cd2+ and the oxygen vacancy, it is energetically favorable for them to

form defect pair. The existence of this type of nearestneighbor impurityvacancy

pairs has been confirmed and studied extensively in the Ce02,21 using dielectric

and =elastic relaxation techniques. The observed relaxation effects experienced

by the 111Cd PAC probe are due to the hopping motion of the vacancy in the oxygen

coordination shell. The hopping barrier is expected to be 1 eV or less; an

estimate based on the value obtained for the CaVo pairs in the Ce02.21 Thus, the

correlation time of the hopping motion is at least 2 orders of magnitude shorter than

the lifetime of the intermediate state of the 111Cd. Because of the rapid hopping

motion of the vacancy, the 8 anionic sites around the Cd are occupied by a vacancy

on average. The effective charge of the vacancy is +2 in the anionic sublattice, thus

the EFG seen by the Cd probe can be approximated as an EFG contributed by the

oxygen vacancy shell around the probe superimposed on the EFG from the regular

tetragonal lattice. The PAC frequencies are proportion to the magnitude of EFG.

The measured PAC frequencies for the Y and Indoped tetragonal zirconia are at

least 25% lower than those for Nbdoped samples at the same temperature. We

take this as an indication that the contribution of the first coordination shell to the

EFG is reduced when there is an oxygen vacancy in the shell. And this

qualitatively acounts for the reduced PAC frequencies in the Y and Indoped

tetragonal zirconia.
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If the association of the CdV0 pair is complete, one expects that the

relaxation to be larger at lower temperatures, but one would not expect the PAC

frequencies to be strongly temperature and composition dependent. But this

expection is contradicted the experimental findings, Fig. 5.16(a). We interpret this

as evidence that the association of the CdV0 pair is incomplete between 1000 and

1400°C. When an oxygen vacancy is trapped, it hops rapidly and randomly in the

oxygen coordination shell around a cadmium impurity. Eventually, the oxygen

vacancy may acquire enough thermal energy to detrap. This kind of process may be

repeated several times during the lifetime of the intermediate state. Therefore,

there are two kinds of nearestneighbor environment sampled by the probe; one

has a vacancy in the first coordination shell, and one does not. The trapping

fraction for vacancies around a Cd probe is expected to increase with decreasing

temperature, since there is less thermal energy available to break the defect pair at

lower temperature. It should also increase with increasing oxygen vacancy

concentration introduced by increasing trivalent dopant concentration. The

observed PAC frequencies cot, o.)2 are weighted averages of these two

configurations. Mathematically, (01 can be expressed as

= f 0)A ± (1- (00 (6-1)

where (0,ek is the PAC (.01 of the vacancy trapped configuration, (oo is the PAC coi

for the configuration without a vacancy, and f is the trapping fraction or the average

occupancy of oxygen vacancies around a Cd. We assume CO2 is roughly

proportional to (01, therefore we only need to discuss (01. The (01 for the 0.5 at.%

Nbdoped ZrO2 is taken to be coo (Fig. 5.12(a)). The cop is the PAC (oi when the

trapping fraction of vacancies is unity. Since cup, is smaller than coo, (6-1) predicts
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that the observed PAC col decreases as the trapping fraction increases. The PAC

(oh in principle, should approach a)A asymptotically with decreasing sample

temperature and increasing concentration of vacancies. In Fig. 6.3(a), the computer

fitted PAC frequency 0)1 at 1100°C is plotted as a function of the trivalnet dopant

concentration. Negative concentration corresponds to pentavalent dopants, where

interstitials are introduced instead of vacancies. As the trivalent dopants

concentration increases, the 0)1 decreases asymptotically to 15 Mrad/sec. This

result indicates that the WA is roughly onethird of 0)0. With these approximations

for 0)0 and 0)A, the average occupancies for 0.2, 0.3, 0.5 at.% yttriumdoped ZrO2

are calculated and plotted in Fig. 6.4.

For yttrium or indiumdoped ZrO2, the effective charges of the trivalent

dopants in the cationic sublattice are 1. The observed broken symmetry of the

lattice is simply due to the asymmetric EFG generated by those impurities. As the

average occupancy f increases, the contribution to the EFG from the first

coordination shell is reduced accordingly, while the EFG generated by the

impurities stays the same. This qualitatively accounts for the observed

dependence of the asymmetry parameters tl on trivalent dopant concentration and

sample temperature (5-16(b)).

6.3.1. Association and hopping energies of the CdVo pair

Let the cadmium and the eight surrounding anionic sites be the system.

Under the following assumptions and facts:

The vacancyvacancy and impurityimpurity interactions can be neglected,

since both the dopants and the vacancies are very dilute.
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Fig. 6.3. PAC frequency col as a function of doping concentration at 1100°C (a) and
as a function of temperature for three samples (b). The solid lines are
computer fits.
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The system can only accommodate one vacancy at a time. The typical oxygen

oxygen distance is SA in the coordination shell, thus it is energetically

unfavorable to pack two or more vacancies into the same system.

Since the association energy for the YV0 pairs is 0.3 eV,97 the trapping

probability of vacancies around a Y3+ is negligible above 1000°C. The oxygen

vacancies jump freely in the anionic sublattice when not associated with

cadmium probes.

The concentration of thermally generated oxygen vacancies is negligible in

comparison with the extrinsic vacancies, since the formation energy for intrinsic

oxygen vacancyinterstitial defect pairs is 5 eV.21 The concentration of

vacancies is, therefore, completely determined by vacancies introduced by the

aliovalent dopants.

The association energy, EA, between the Cd and vacancies in the second or

more distant anionic shells is small, and between the nearest neighbor CdV0

pairs is EA.

the system only has two states and can be solved easily. The average occupancy f

of vacancies around a cadmium, statistically, can be written as:

f =
8 exp POI EA) /

1 + 8 exp [ (.t EA) / kT]
(6-2)

Let m be the number of anionic sites in the lattice, and n be the number of

vacancies. The total numbers of accessible states for the oxygen vacancies are
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m! (6-3)
n!(m n)!

The entropy is related to the number of the accessible states by

S k In = k [ m In m n In n (mn) ln (mn) ] (6-4)

where Stirling's .approximation has been used in the expansions. The chemical

potential for oxygen vacancies is related to the Helmholtz free energy, F, by

aF) =kT In m(n)
=(an T,V

(6-5)

The concentration of oxygen vacancies is entirely determined by the concentration

of trivalent cation dopant, 2x,

c n
m

= 1 (2x)
4

(6-6)

Thus, the chemical potential for the vacancies is determined by the concentration of

vacancy introduced by the trivalent cations, and

--kT in kTlnc1 c
(6-7)

since c << 1 for all the samples. (6-7) can be rewritten in a more convenient form:



c = exp ( )
kT
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(6-8)

Applying (6-8) to (6-2), the association energy EA can be expressed as a function

of average occupancy, f, and concentration of vacancies, c:

18c(7-1)=exp(EA/kT) (6-9)

Hence the association energy of the CdVo pairs can be determined for a sample

with known dopant concentration, if the average occupancy as a function of

temperature can be obtained.

Applying (6-1) to (6-9), the PAC frequency (01 can be expressed as:

(nik +coo
8c

1 exp(EA/ kT)
0)1= 11+ exp(EA / kT)

8c

(6-10)

Using (6-10) a series of nonlinear least square fits to the experimental PAC col

were performed for all the yttrium and indiumdoped zirconia, with doping

concentration of 0.5 at.% or less. The representative experimental wi and the

computer fitted functions are plotted in Fig. 6.3(b). In the computer fit, the coA and

Eb were the fitted parameters. The (DA ranges from 14 to 16 Mrad/sec for all the

samples, which is in good agreement with the value which was used in computing

the average occupancy of the vacancies around a cadmium impurity. The
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association energy ranges from 0.7 to 0.9 eV, which is roughly 2.5 times larger than

that of the YVo pairs in the tetragonal Zr02.97

The relaxation of the 111Cd PAC probes is characterized by a relaxation

constant, A.. The relaxation constant can be correlated to other physical constants

of the jump by

A..=100.8 f<4>tc (6-11)

here <0),Q2> is the average coupling constant, tc is the correlation time of the

fluctuating EFG, and c is the concentration of oxygen vacancy in the sample. The

magnitude of the average coupling constant varies as r-6, so only the relaxation

due to the vacancy hopping in the first coordination shell is significant. Thus, (6-

11) is a generalization of the Abragam and Pound relaxation constant for non

random occupancy of the first shell. For an energy activated process, the jump

frequency v has an Arrhenius form:

v = vo exp( Eh / kT) (6-12)

where vo is the attempt frequency. vo approximately has the same order of

magnitude as an optical phonon frequency, which is = 10 13 sec -1. Eh is the energy

barrier of the jump, and k is the Boltzmann constant. The correlation time can be

associated with the jump frequency by

ti = :+1 = do exp(Eh / kT) (6-13)
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where T0 is defined as 1/v0. The mathematical form of the relaxation constant with

respect to other physical constants can be written as

X, =100.8 f <co; > TO exp(Eh/kT) (6-14)

Equation (6-14) states that for a sample with known vacancies concentration, the

barrier height for a vacancy to hop around a cadmium can be obtained from the slope

of the vs. 1/T plot.

In Fig. 6.5(a) and 6.5(b), Alf and 8c(1 /f-1) for several samples are plotted

as functions of inverse temperature along with the computer fitted lines using (6-9)

and (6-14). The resulting association and hopping energies are summarized in

Table 6-2. The association energy for the CdVo defect pairs is 0.8(1) eV, and the

barrier energy for an oxygen vacancy to hop around a Cd is approximately the

same. The equality of two energies is accidental. The association energy for the

CdV0 pairs in Zr02 is lower than that of the CaV0 pairs (1.08 eV) in Ce02.

Since Cd2+, Ca+2, Mg2+ all have the same effective charge when substituted for

zirconium, the association energies for the CaV0 and the MgV0 pairs in Zr02

should also be very similar in magnitude. Apart from the magnitude of EA, the

vacancy trapping process should be similar for all the lower valent dopants.

6.3.2. The bulk activation of oxygen vacancies in tetragonal zirconia

There is no reason to believe that Eh for the jump of a bound vacancy should

be identical to the bulk activation energy of a free vacancy. However, it is of

interest to compare the hopping energy of a bound vacancy to the bulk activation

energy extracted from the conductivity measurements.
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Fig. 6.5. (a) AJf and (b) 8c(1 /f-1) as a function of inverse temperature. The solid lines
are computer fits to the data.
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Table 6.2. Summary of the association energy EA of the CdVo pair and the
hopping energy Eh of a bound Vo in tetragonal zirconia.

Dopant Doping (at.%) EA (eV) Eh (eV)

Y203

111203

0.5

0.5

0.3

0.2

0.2

0.1

0.5

0.1

0.79

0.79

0.74

0.89

0.86

0.72

0.88

0.70

0.83

0.76

0.81

0.93

0.77

0.93

0.75

0.82

Dreyfus and Norwick21,98 suggested that the ionic conductivity of oxide

ionic conductors can be divided into three regions (Fig. 6.6); the intrinsic range at

very high temperature (Region I), the extrinsic dissociated range (Region II),

at very high temperature (Region I), the extrinsic dissociated range (Region II),

and the extrinsic associated range (Region III) at low temperature. In Region I,

the ionic conductivity is dominated by the thermally generated vacancies. Because

of the high melting point of ZrO2, this region is not observed in this work. In the

intermediate temperature range one obtains Region H, in this region all the oxygen

vacancies which were created to charge compensate the trivalent dopants are
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Fig. 6.6. Schematic plot of conductivity ( In oT vs. 1/T) showing Region I (intrinsic),
II (extrinsicdissociated), and III (extrinsicassociated).
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available for conduction, and the measured activation energy should be the true

bulk activation energy, i.e. Ell = Ebulk. In Region III, the association between the

vacancies and the dopants is complete, and the measured activation energy is the

sum of the bulk activation energy and the association energies of the defect pair,

i.e. EIII = Ebulk + EA for trivalent dopants and Em = Ebulk + 1/2 EA for divalent

dopants.21 The transition between Region II and Region III is a very gradual one,

which can be seen by inspecting Fig. 6.4.

In the transition region between Region II and Region III, the activation

energy obtained in ionic conductivity measurements can be reasonably

approximated as:

or

Etransition = f Em f) EII

Etransition = E Bulk +f EA

1

Etransition = E Bulk + 2 f EA

(6-15)

(6-16a)

(6-16b)

for trivalent and divalent impurities,respectively.

From (6-16a) and (6-9) and assuming EA for the YVo pair is 0.29 eV in

tetragonal ZrO2, the bulk activation energies are computed from the existing

conductivity data. The resulting Ebulk are tabulated in Table 6.4. The bulk

activation Ebulk is roughly 0.7 eV for tetragonal ZrO2, which is very close to the

hopping energy of a bound vacancy around a Cd impurity.
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Table 6.3. The hopping energy for a bound oxygen vacancy to hop around the lower
valent dopant in oxides which have fluoride structure.

Host system Defect pair Eh (eV) Reference

Tetragonal ZrO2 CdVo 0.8(1) This work

Ce02 CaVo 0.82 21

Ce02 YVo 0.67 21

Ce02 YVo 0.61-0.64 99

Th02 CaV0 1.02 21

Table 6.4. The derived bulk activation energies for yttriumdoped tetragonal ZrO2
from the existing conductivity data.

% yttrium Ec (eV) T(°C) f Ebulk (eV) Reference

1.4 0.91 300 0.91 0.64 100

3.0 0.98 300 0.91 0.71 101

3.0 0.92 300 0.91 0.65 101

6.5 0.92 300 0.91 0.65 102

2.8 0.92 400 0.90 0.66 103
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7. YBa2Cu307_xExperimental results

The YBa2Cu307...x samples investigated in this work were fired in a lab

furnace and cooled to room temperature before PAC measurements were performed

(Section 3.2.2.). The YBa2Cu307_x sample containing 111In was loaded into a

small prereacted alumina vial and the experiment proceeded immediately. No

attempt was made to compress the powder YBa2Cu307_x sample in the sample

vial. Only a small amount of sample was used in the PAC measurement, hence all

the samples are considered to be pointsources. The temperature variation

throughout the sample was less than 5°C. The sample vial was placed in the PAC

furnace through which a continuous flow of oxygen was maintained. The oxygen

flow helps to prevent the sample from reacting with water vapor and CO2, which

have long been recognized to be the primary sources for degradation of

superconducting properties of the YBa2Cu307_x.104 The flow of oxygen was

regulated by a flow meter with the flow rate set to 160 ml/min. PAC spectra were

accumulated, typically for 8 to 24 hours, at various temperatures until the sample

became too weak.

7.1. Sample characterization

Room temperature xray diffraction patterns for radioactive and non

radioactive samples all indicated primarily the wellknown orthorhombic

YBa2Cu307_x phase. In several samples a second phase was present at a small

but detectable level. A typical room temperature xray pattern of the mixedphase

samples is given in Fig. 7.1. Besides the familiar orthorhombic YBa2Cu307_x

lines,105 additional peaks can be easily recognized at 25.11°, 34.6°, and 41.5° which
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Fig. 7.1. The room temperature xray diffraction pattern for a mixedphase YBa2Cu307_x sample.
Besides the familiar orthorhombic lines, the additional lines which are marked by arrows at
25.11°, 34.66°, and 41.55° are due to an unidentified second phase. The assignment of the
Bragg peaks for the orthorhombic YBa2Cu307_x is taken from ref. 105.
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are due to a second phase. The lines for the second phase do not match any

compounds which could be the sideproducts produced in the synthesis process of

the YBa2Cu307_x, reported in the literature. We suspect it may be a compound

which formed as an artifact of our samplemaking procedure.

Several samples, prepared identically apart from inclusion of the 111In

radioactive tracer, were characterized for Meissner flux exclusion and for high

temperature xray diffraction properties. Those samples showed a very sharp

Meissner effect with an onset of 92.7 K. The transition width of the Te is less than

1 K. Volume fraction of superconducting phase could not be determined confidently

from this type of measurement. A representative curve for the Meissner effect of

these samples is given in Fig. 7.2. As illustrated in Fig. 7.3, the hightemperature

xray diffraction measurement indicated an intensity shift (in 0.3 atm oxygen

atmosphere) near 700°C. The upper curve is the room temperature spectrum; the

lower curve is the 900°C spectrum. The intensity shift is most visible in the region

near the (020), (006), (200) triplet. This intensity shift has been attributed to the

orthorhombic4>tetragonal transition.34,35,36

These characterizations clearly demonstrate that our YBa2Cu307_x

samples, made by the nitrate evaporation method, are excellent superconductors

and have structural properties as a function of temperature similar to those

reported by other groups. For legal and safety reasons, Meissner flux exclusion

and high temperature xray diffraction could only be done on nonradioactive

samples. Thus, the 111In containing samples were not checked by these

measurements. The indium concentration is very small (smaller than 104 with

respect to any cations in the YBa2Cu307_x samples), and it is unlikely that there

are important differences in bulk properties between the radioactive and non

radioactive samples.
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Fig. 7.2. Meissner flux exclusion for the YBa2Cu3O7_x sample which was cooled
from 900° to room temperature in a few tens of hours. Data were taken by
cooling in a 100 Gauss magnetic field. The onset of the superconducting
phase is 92.7 K.
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Fig. 7.3. Xray diffraction spectra of YBa 2 Cu3 x processed by the same procedure as the slowlycooled
PAC samples. The upper curve is the room temperature spectrum; the lower curve is the 900°C
spectrum. Both the "main" (013), (103), (110) triplet and the (020), (006), (200) triplet show the
intensity shift around 700°C, which characterize the orthorhombic'tetragonal phase transition. The
intensity shift is most visible in the (020), (006), (200) triplet.

48
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7.2. Processing induced variations of microscopic structure

We observed three types of PAC spectra for our samples processed under

different conditions. Representative spectrum for samples synthesized and cooled

very slowly in flowing air are shown in Fig. 7.4(a). The samples were typically

cooled from 900°C down to room temperature in 16 to 36 hours. The spectrum was

taken at 200°C and have the same feature as spectra taken at room temperature

but with much smaller frequency distribution and narrower Fourier peaks.

Computer fit to 7.4(a) indicates about 80% of the probe nuclei are exposed to an

EFG with a PAC frequency col of 57.2(2)x106 s-1 and an asymmetry parameter of

0.24(1) at 200°C. The remaining fraction of the 111Cd atoms do not contribute to

the observed modulation of the experimental A2G2(t) pattern. Those atoms

probably sit in grain boundaries or other ill-defined sites and thus experience a

widely distributed EFG.

If insufficient air or oxygen flow was provided during the synthesis, spectra

like Fig. 7.4(b) were observed. The spectrum has two well-defined sites with

most of the PAC probe nuclei sampling a small, slightly nonaxial EFG which is the

same as the majority of the first type of samples. Approximately 20% of the PAC

probes are in a site with a PAC frequency cud of 240(5)x106 s-1 and asymmetry

parameter ri of 0.9(1) which is due to the unidentified compound as discussed in

section 7.1. Restricting the air flow clearly increases the fraction of PAC probe

nuclei in the high-frequency site. Samples synthesized in a small PAC sample

vials without air or oxygen flow have almost 100% occupancy in the high-frequency

site. Fig. 7.4 (c) shows the spectrum of this type of sample. As an interesting

sidelight, the first attempt to investigate the synthesis processes of the ceramic

superconductors in our group was on samples made by the more conventional solid
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Fig. 7.4. PAC time and frequency domain spectra for three different samples at
200°C. Spectra (a) is a sample was cooled to room temperature in 30
hours. Spectra (b) and (c) are samples that were prepared by the same
procedure as (a) except with more restricted air flow.

600



147

state method.34 Fine powders of Y203, BaCO3, and Cu02 in the ratio of 1:2:3

were mixed and a drop of 111InC13 solution was added and dried under an infrared

lamp. The sample was loaded into a PAC sample vial and heated at 900°C to

synthesize the YBa2Cu307_x and to diffuse the 111In tracer into the compound.

The PAC spectra obtained from these samples are almost identical to that of

samples prepared by nitrate evaporation, when they were synthesized under static

air. Room temperature xray diffraction patterns of these samples showed the

lines due to the starting constituents and the unidentified compound with the most

intense xray diffraction lines contributed by this "mysterious phase". The PAC

spectra indicated that the highfrequency site accounted for almost 100% of the

intensity seen by PAC. From our experience, the diffusion of radioactive 111In into

Y203, A1203, and In203 proceeds very slowly below 1000°C. This is consistent

with observation that the Y203, BaCO3, and Cu02, while seen in the xray

diffraction measurement, did not contribute to the PAC spectra. Those

measurements also provided a positive association between the xray

identification and the PAC result on the mysterious compound.

The spectra for the third type of samples are illustrated in Fig. 7.5. These

spectra were found most often for samples synthesized in flowing air and cooled to

room temperature in a few hours rather than a few tens of hours. We have found

such spectra in a number of samples but the precise conditions for reproducing them

are still to be determined. The high temperature spectra have three identifiable

sites, all associated with an axiallysymmetric EFG. The timedomain spectra

below 600°C on these samples are qualitatively similar to those of Fig. 7.5(a) but

with lower PAC frequencies. Two additional sites besides the first could also be

observed in the spectra; both possess no axial symmetry.
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Fig. 7.5. PAC time and frequency domain spectra for the third type of sample which
do show evidence of axial EFG's at high temperature.
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7.3. Temperaturedependence of microscopic structure

The microscopic structure of the YBa2Cu307_x is very sensitive to the

details of thermal history. The major effort of this work has been concentrated on

those samples which were cooled to room temperature in a few tens of hours and

have a reproducible microscopic structure observed by PAC. The representative

PAC timedomain A2G2(t) functions and their Fourier transforms at various

temperature are given in Fig. 7.6. Between accumulation runs, the sample was

sometimes heated rapidly (often hundreds of degrees in a few minutes) but always

cooled slowly.

The A2G2(t) spectra are fitted to a standard model for static interaction

between electric field gradient and quadrupole moment of the probe immediate

state in a randomlyoriented polycrystalline sample. The mathematical

representation of this model can be expressed as:

A2G 2(t) = Ae2ff [ (1 f ) G(2 1)+fG (2 2)]
(7-1)

Here f is the fractional weight of the second site. Two sites are assumed in the fit,

and each is described by a frequency triplet (01, (02, and (03 = (01 + (02. The

functional form of G2(t) for each site has been given in (5-7). For each site a static

Lorentzian frequency broadening is assumed. The majority of the PAC spectral

weight is associated with the 111In substituted at a cationic site in the

YBa2Cu307_.x. As discussed above, the minority site, which accounts for -.=.-20% of

the intensity, has an illdefined frequency distribution. A similarly processed

sample was measured roughly in the same temperature range, but with finer steps

between room temperature and 300°C. In this range, the difusive motion of the
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Fig. 7.6. PAC time and Fourier transform spectra of a slowlycooled sample at various
temperatures. This sample was synthesized by firing at 930°C for 36 hours
and was cooled to room temperature over a 18 hour period. The discrete
points are PAC A2G2(t) experimental data and their Fourier transform for
dilute 111Cd in YBa2Cu307_x. The solid lines are computer fits to the
A2G2(t) data and the Fourier transform of those fits.



oxygen vacancies causes detectable relaxation on the 111Cd nuclei. The spectra

were fitted to the same dynamic relaxation model, which was given in (5-11),

A2G2(t) =A2exp( A'20t )f
S 20

+ s 20exp (a 0)

3

+ s
2n

coS ((On t)exp(Scon t)exp (a n)]

where

151

(7-2)

ao = 3.525 (7-3a)

al = 2.343 (7-3b)

a2 = 3.071 (7-3c)

a3 = 5.899 (7-3d)

The model may not be applicable to this case in detail, but it provides a means for

quantitative estimation.

In both (7-1) and (7-2) A2, 8, wi, and co2 were variable fitting parameters.

The bestfit values for the majoritysite frequencies and linewidths are given in

Fig. 7.7. Vzz(lat), the lattice EFG, and asymmetry parameter 11 are shown in Fig.

7.8. The fitted effective anisotropy A2 is approximately the expected value. The

relaxation parameter A. as a function of inverse temperature is plotted in Fig. 7.9.
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Fig. 7.7. Computerfitted frequencies and linewidth of the majority site for the PAC
spectra of Fig. 7.6.
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Fig. 7.8. Electric field gradient Vzz(lat) due to lattice and symmetry 1 derived from
data of Fig. 7.7. The most striking feature is r which did not exhibit any
noticeable variation for all measured temperatures.
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Fig. 7.9. Relaxation parameter X plotted as a function of inverse temperature. The
solid line is the computer fit discussed in Section 8.3.
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8. YBa2Cu307-x discussion of results

8.1. Site assignment of 111In PAC probe

To our knowledge, neither the solubility nor the site preference for indium in

YBa2Cu307_x has been firmly established.

Preliminary xray work on (InyY i_y)Ba2Cu307_x has indicated that the

solubilty limit for In is about --5%,106 Thus, it is reasonable to expect that the

radioactive 111In atoms are largely dissolved in bulk and not strongly concentrated

in some minor precipitate and grainboundary phase. There are four cation sites

that 111In could populate. The barium site is ruled out based on the consideration

of valency and ionic radius. But the Indium could substitute into the Y site or the

two Cu sites.

Since yttrium and indium have the same number of valence electrons (3) and

have very similar ionic radii ( r(Y+3) = 0.89 A and r(In+3) = 0.81 A),124 intuitively

one would expect the In preferentially to substitute for the Y. In order to put the

expectation into a firmer ground, we have calculated the electric field gradient at all

the unequivalent cationic sites in the YBa2Cu307_x using a point ion model. In this

calculation the nonstoichiometry x is assumed to be zero. The unit cell dimensions

and relative positions of the ions were taken from ref. 107. The following charge

states were assumed in the calculation: Y: +3; Ba: +2; Cu(1): +3; Cu(2): +2; all the

oxygen: 2. A straightforward lattice sum over all the ions in a sphere with a

radius of 50 A is performed for each unequivalent cationic site. The results of the

calculations are summarized in Table 8.1, and results from experimental

work94,95,96 are also listed as a comparison. From Table 8.1, the calculated

V zz(lat) and asymmetry parameter tl for yttrium site agree very well with our PAC
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result on the samples which were synthesized with good air flow and slowly cooled

after firing. Furthermore, various MOssbauer work on some of the isostructural

compounds of YBa2Cu307_x and a similar PAC work on YBa2Cu307-x

(summarized in Table 8.2) all give similar strength of Vzz(lat) at the yttrium site.

In the Mossbauer experiment the information about the quadrupole interaction and

asymmetry parameter are often obtained indirectly, thus, the PAC technique may

be a more sensitive probe of the local structure.

Aluminum and gallium, which are chemically similar to indium, also have

substantial solubilities in YBa2Cu307_x, and both are believed to substitute

preferential in the Cu(1) chain site.108,109,110 It is possible that indium substitutes

at the Cu(1) site and the majority-site PAC spectrum arises from such substituted

atoms. However, the estimates of Vzz(lat) from the point-ion calculation are at

least an order of magnitude larger than the experimental value. This observation is

supported by the copper nuclear quadrupole resonance (NQR) work108,109. If the

indium indeed substitutes preferentially at the Cu(1) site, it is probable that two

additional oxygen atoms are attracted into the 0(5) positions, which gives the

indium a octahedral-like oxygen coordination and smaller EFG. It is known that

many impurities, including aluminum and gallium, substituted at the Cu(1) site are

accompanied by two such additional oxygen atoms.111,112,113 A direct consequence

of this type of substitution, although the results from various group show

considerable variation, is that a tetragonal lattice prevails and a substantial

reduction of Tc is observed, when the substitutional level exceeds a certain value.

Additional experiments have been planned to measurement the Tc as a function of

indium substitutional concentration.
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Based on present evidence, we believe the yttrium site is the most probable

site for the 111In PAC probe. But, this remains only a tentative assignment until

more definitive work is done.

8.2. Variation of microscopic structure

The PAC technique measures the structure and other properties in a very

localized scale. The microscopic structures of the YBa2Cu3O7_x depends critically

on the detailed thermal history of the sample, and are far more complex than the x

ray or neutron diffractometries have indicated.

The PAC spectra at higher temperatures were independent of thermal

history provided the samples were cooled very slowly during the processing or

measurement. The PAC linewidth below approximately 200°C was broader than at

high temperature and did depend on thermal history. We attribute this increase in

linewidth to quenchedin oxygen vacancies whose concentration may be small but

does depend on details of the thermal history.

Followup PAC experiments (performed by Ms. Lan L. Peng) were made

on samples which were made by in situ synthesis in the PAC furnace. Spectra

were obtained immediately following synthesis on samples which had never been

cooled. As long as good air or oxygen flow was maintained, no appreciable

difference was found in the spectra between these in situ samples and those

processed externally, slowly cooled samples. These results demonstrate that the

high temperature microscopic structure is not changed by temperature cycling

provided the cooling rate is slow and good air and oxygen circulation is warranted.

Independent of the site identification, several important observations can be

deduced from qualitative features of the spectra. The small linewidths, which were
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observed above 200°C, indicate that the cation lattice is ordered and that oxygen

diffusion is rapid enough to average any EFG variations due to oxygen disorder.

Below approximately 200°C the oxygen diffusional jump rate is small, site to site

EFG variations due to oxygen disorder are not averaged, and the PAC spectral

frequencies are broadened. The most striking feature of the spectra is that there is

no qualitative change in the PAC spectra across the whole measured temperature

range (24-900°C). The reproducibility of the spectra is very high on similarly

processed samples (Fig. 8.1). If the local structure became tetragonal at high

temperature as the neutron and xray diffraction have indicated then the

asymmetry parameter tl should become zero. There is an apparent contradiction

between the PAC and diffraction data. The discrepancy cannot be attributed to an

indium impurity induced effect. It is likely that the indium will cause a minor

distortion of the lattice, or even a major local rearrangement. But a local

rearrangement cannot account for the constant EFG and small 8 unless it is frozen

into a large "distortion bubble" that is independent of both temperature and b/a

ratio. But such a scenario is unphysical.

The PAC data and all diffraction experiments can be reconciled if the

"tetragonal" phase is formed by a microstructural transition in which the

orthorhombic tripleperovskite cell remains unchanged but the a and b axes

alternate over a distance of the scale of several lattice spacings. PAC, which is a

local probe, would see little change at most of the sites, but diffraction patterns,

which are volume average, would change at the transition. Since xray and neutron

diffraction average over larger volumes, they cannot easily distinguish an

alternating microstructure, which averages over a tetragonal unit cell. Electron

diffraction, which averages over a smaller volume, is more sensitive. "Crosses"

observed by TEM38,39 show clearly that the tetragonal phase in quenched samples
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Fig. 8.1. (a) Vzz(lat) and (b) asymmetric parameter ri derived from data of Fig. 7-6
and other similarly processed samples. The asymmetry is nonzero at all
temperature, so the symmetry around the PAC probe is never tetragonal.
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cannot have locally tetragonal structure. Unfortunately, neither the PAC nor TEM

experiments provide a detailed picture of the "tetragonal" microstructure.

One point needs to be emphasized: our PAC data were taken on carefully-

processed YBa2Cu307_x samples that have very sharp and very high Tc transition.

At low temperature, these samples should be representative of the best

superconductors but may not be representative of all the samples reported in the

literature, even those with superconducting transition near and above 90K. Our

PAC measurements on differently-processed materials with high Tc but

qualitatively different PAC spectra are a very strong indication of this observation.

8.3. Oxygen diffusion in YBa2Cu307-x

Above 300°C, the diffusion motion of the oxygen in the YBa2Cu307_x

samples is very rapid which is sufficient to average out the contribution from time

fluctuating EFG. At lower temperatures the diffusion slows down and the

correlation time of the fluctuating electric field lengthened accordingly. The

relaxation of the 111Cd PAC probe can be characterized by a relaxation constant, X.

The relaxation parameter X as a function of inverse temperature is plotted in Fig.

7.9. The relaxation constant can be correlated to other physical constants of the

jump by

X =100.8 c < > (8-1)

here <coQ2> is the average coupling constant, is is the correlation time of the

fluctuating EFG, and c is the concentration of the oxygen vacancies in the sample.

In analogy to the derivation given in Section 6.3 for an energy activated process,
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the mathematical form of the relaxation constant with respect to other physical

constants can be written as

=100.8 c < (4> do exp(E / kT) (8-2)

The oxygen stoichiometry of our samples as a function of temperature was not

monitored during the PAC measurements. The stoichiometry of oxygen, x, in

YBa2Cu307_x has been measured as a function of temperature using various

techniques. Between room temperature and 300°C, x is weakly dependent on the

temperature.114 Although the oxygen vacancy concentration c is unknown for our

sample, it should not change substantially in the temperature range of interest. If

we assume that c did not change significantly between room temperature and

300°C and can be taken as a constant. From a leastsquare fit to the relaxation

data (Fig. 7.9) using (8-2), the activation energy for oxygen jumping in the

YBa2Cu307_x is estimated to be 0.2 eV. Since c is expected to increase with

temperature, this estimate gives a lower bound of the activation energy. A series

of PAC measurements on samples in carefully controlled environments is in

progress to clarify this matter. Tu et a1115 used an in situ resistivity measurement

to monitor the in and outdiffusion of oxygen in YBa2Cu307_x. They found that

the activation energy for indiffusion of oxygen is a function of x and temperature,

and for x=0.38 the activation energy is 0.48(5) eV. Their activation energy should

be a combination of the contributions from the surface barrier and the bulk diffusion.

At the time of this writing, another 111In/111Cd PAC measurement on the oxygen

diffusion in YBa2Cu307_x was reported.116 Due to their sample preparation

method and different phase identification a comparison is not feasible. Their

sample preparation method is very similar to the drop and evaporation method,
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which has been decribes in sections 5.2 and 7.2. From our experience, it is very

difficult to distribute the 111Cd homogeously in YBa2Cu307_.x with this method.

Furthermore, the spectra that they identified as the 111Cd in the superconducting

YBa2Cu307_x are almost identical to the spectra we obtained from 111Cd in the

unidentified phase, which have col = 240(5) and ri = 0.9(1) (section 7.2). It is

possible that their sample was damaged locally during the 111In incorporation

process, and the 111Cd probes highly concentrated in the resulting second phase

which gave rise to their spectra.
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Table 8.1. Calculated and experimental Vzz(lat) and Ti values for all the
unequivalent cationic sites in YBa2Cu307-x-

Site Calculation Experimental results

10-16 Vzz(lat) 1 10-16 Vzz(lat) Reference

Y/In 0.988 0.38 0.906 0.24(2) this work,123

Ba 1.706 0.43 N/A

Cu(1) 16.65 0.36 18.40 0.98 108, 109, 110

Cu(2) 9.58 0.09 17.37 0.0 108, 109, 110

Table 8.2 Measured and calculated Vzz(lat) and tl at Y site of YBa2Cu307_x and
experimental determined values at rare earth metal site of the
isostructural compounds.

Probe/Host system 10-16 Vzz(lat) 1 Reference

151Eu in EuBa2Cu307-x 1.2(1) -1 110, 117

151Eu in EuBa2Cu307-x 0.8(1) 0.7(1) 118

155Gd in GdBa2Cu307-x 0.97(2) 0.58(4) 119

155Gd in GdBa2Cu307-x 0.89(3) 0.40(4) 120

155Gd in GdBa2Cu307-x 0.968(2) 0.55(1) 121

111Cd in YBa2Cu307-x 0.672(3) 0.30(1) 122

111Cd in YBa2Cu307-x 0.906(3) 0.24(2) this work, 123

Y in YBa2Cu307_x(calculation) 0.988 0.38
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9. Summary and conclusions

Perturbed angular correlation spectroscopy (PAC) of dilute zirconia alloys

and YBa2Cu307_x ceramic superconductors at elevated temperature have been

measured using 111Cd as the probe.

A precipitation method was used to make all the zirconia samples used in

this work. In order to understand the dynamics of oxygen vacancies around Cd2+

impurities in tetragonal zirconia, the oxygen vacancy concentration was controlled

by doping with In203 or Y203, which introduce vacancies, or with Nb2O5, which

introduces oxygen interstitials. The doping levels of In203, Y203, or Nb2O5 used

were less than 2 at.% for all samples.

A welldefined distorted site was identified for 111Cd in monoclinic pure

zirconia above 700 °C; below 700 °C two additional sites appeared. Their

populations are larger at lower temperatures, whereas the population of the other

site becomes smaller. Besides these well defined sites, an additional broad site is

always needed to give a reasonable description of the experimental data. The

fraction of this broad site increases at the lower temperatures for pure zirconia. It

can be increased to near 100% by doping the zirconia with at least 0.2 at.% yttrium

or indium, or it can be reduced substantially when doped with niobium. We believe

that the cause of this broad site is due to the aftereffects of the 111In to 111Cd

electron capture transition. From these observations, we believe that the charge

compensation by oxygen vacancies or interstitials in zirconia when doped with

aliovalent dopants is the major but not the exclusive channel. In the niobium doped

zirconia, not all the niobiums are charge compensated by interstitials and a small

fraction of them retains the excess electron with them. These excess electrons can

be thermally excited into the conduction band of ZrO2 which increases the
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availability of the free electrons in the samples, thus reduces the aftereffects and

intensity of the broad site. In the indium or yttriumdoped zirconia, some of the

trivalent dopants are not charge compensated by the vacancies. The holes in the

uncompensated trivalent dopants may acquire electrons from the conduction band,

this reducing the availability of free electrons, which, in turn, increases the fraction

of the broad site even with a very small doping level.

In the tetragonal pure, yttriumdoped, and indiumdoped zirconia a 111Cd

traps an oxygen vacancy, causing the PAC frequencies to decrease and the probe

nucleus to relax. The association between the Cd and the oxygen vacancy is

incomplete between 1000 and 1400°C. The trapping probability of the oxygen

vacancies to the 111Cd was deduced, and it is found to be a function of oxygen

vacancy concentration and temperature. The association energy of the CdVo pair

is 0.8(1) eV. When a vacancy is bound to a 111Cd impurity, the vacancy hops

among eight nearestneighboring anionic sites with an energy barrier of 0.8(1) eV.

The same type of vacancy trapping characteristics is expected for other lower

valent dopants in tetragonal or cubic zirconia. These information is useful in

understanding the dependence of the ionic conductivity on dopant species. In 0.5

at.% Nbdoped tetragonal zirconia the relaxation of the 111Cd probes was

suppressed completely, and a small and near axiallysymmetric electric field

gradient (EFG) was measured. We interpret this as evidence that the lattice

relaxes slightly around the 111Cd probe to a more cubiclike configuration which

accounts for the small EFG seen in this work.

To our knowledge, this is the first 111Cd PAC measurements on zirconia. It

is also the first experimental measurements of vacancy trapping parameters in

tetragonal zirconia.
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A nitrate evaporation method has been adapted to synthesize YBa2Cu3O7_

x samples with an uniform distribution of 1111n, parent isotope of the 111Cd PAC

probe. With different processing environments, three types of PAC spectra were

observed for our samples. The samples processed in flowing air and cooled slowly

after firing showed reproducible PAC spectra with a small, slightly nonaxially

symmetric electric field gradient. The local structure of the slowly cooled

YBa2Cu307_x as a function of temperature, from room temperature to 900 °C, has

been characterized. Highly reproducible results with our finegrain samples were

obtained. These samples displayed standard orthorhombic YBa2Cu3O7_x xray

diffraction patterns at room temperature, and have a very sharp Meissner flux

exclusion transition at 92.7 K. Similarly processed nonradioactive YBa2Cu307_x

samples were also examined by high temperature xray diffraction. They displayed

an intensity shift which characterizes the "conventionallybelieved"

orthorhombicE-tetragonal transition seen by xray and neutron diffraction

measurements. PAC spectra, which clearly indicate nontetragonal local

symmetry, do not change at temperatures where diffraction measurements indicate

an orthorhombic to tetragonal phase transition. We interpret this as evidence that

the stable local structure of YBa2Cu307_x is orthorhombic even in the high

temperature "tetragonal" range. Between room temperature and 300°C the

diffusion motion of oxygen causes detectable relaxation and the bulk activation

energy is 0.2 eV.
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