


STELLINGEN
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THE IONIC CONDUCTIVITY AND DEFECT STRUCTURE
OF FLUORITE-TYPE SOLID SOLUTIONS Bai-xU
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T. Erber and S. Putterman, Nature 318 (1985) 41.

3. De verklaring die Kosacki, Walach en Litwlnczuk geven voor de
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I. Kosacki, M.Ya. Walach and A.P. Litwinczuk, Solid State Commun.
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R. Saghafian, J. Phys. Chenio Solids _45_ (1984) 23.

4. Bij de verklaring van aan polypropyleenfolie gemeten thermisch
gestimuleerde depolarisatiestromen gaan Keller en Datt ten on-
rechte uit van ëén waargenomen stroompiek.

J.M. Keiler and S.C. Datt, Phys. Stat. Sol. 91a (1985) 205.

5. De antisymtnetrische Mj-toestand in °Gd dient als een twee-
dimensionale oscillatie behandeld te worden. De behandeling als
ééndimensionale oscillatie door Balentekin en Barrett levert dan
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A.B. Balentekin and B.R. Barrett, Phys.Rev. C32 (1985) 288.

N.R. Walet, P.J. Brussaard and A.E.L. Dieperink, Phys. Lett., in
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6. Bij het onderling vergelijken van ionengeleidingsvermogens van
aardalkalifluoriden gedoteerd met 10 molprocent zeldzame-aard-
fluorlden houden Archer et al. er geen rekening mee dat de inge-
wogen doteringsconcentratie door de vorm van het fasediagram van
deze vaste oplossingen sterk kan afwijken van de uiteindelijk in
de vaste oplossing aanwezige doteringsconcentratie.

J.A. Archer, A-V. Chadwick, I.R. Jack and B. Zequiri, Solid State
Ionics 9&10 (1983) 505.

E.G. Ippolitov, L.S. Garashina and A.G. Maklachkov, Isv. Akad.
Nauk SSSR, Neorg. Mater. _3_ (1967) 73.

7. Aangezien de doorgaans beschikbare computerfaciliteiten geen
beletsel meer vormen, dient voor de grafische representatie van
meetgegevens met drie parameters uitsluitend gebruik gemaakt te j
worden van drie-dimensionale tekeningen.

Hoofdstukken II en V van dit proefschrift. !

8. Bij het beschouwen van eventuele toepassingen van hygroscopische
en zuurstofgevoelige materialen dient nu reeds rekening gehouden j
te worden met een mogelijk gebruik hiervan in de ruimte. j

9. De kwaliteit van het beveiligingssysteem van een computer hangt \
nauw samen met de integriteit van de ontwikkelaars van dit sys- f
teem. !

Crime by Computer, D.B. Parker, Charles Scribner's Sons, New York i
(1976) p41 e.v. I
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INTRODUCTION AND SUMMARY

The existence of ionic conduction in solids has been known for

almost a century [1,2]. There is a class of materials whose ionic

conductivity reaches the same order of magnitude as that observed

for molten salts. These excellent ionic conductors are called

superionic conductors, or solid electrolytes.

The discovery of high ionic conductivity goes back even

further. In the first half of the nineteenth century the English

scientist Faraday observed that the resistance of a piece of lead

fluoride, placed in an electrical circuit, dropped dramatically

when heated until it was glowing red [3J. Lead fluoride was later

reported to go through a diffuse phase transition at 725 K, now

known as the Faraday transition; in this transition the ionic

conductivity rises steeply to reach the value of that of ionic

melts [4].

The effect that the doping of lead fluoride and barium fluo-

ride with tetravalent uranium has on this Faraday transition is

discussed in Chapter III of this thesis.

Among the solid electrolytes, the alkaline-earth fluorides and

lead fluoride have the most simple crystal structure, viz. the flu-

orite structure. It is a cubic structure, with the fluoride ions at

the corners of cubes which are half the lattice constant in size.

The cations occupy half of the cube centers in a regular way (see

Figure 1) [5].

The ionic conductivity of the crystals increases by several

orders of magnitude upon doping with trivalent cations [6]. The

ionic conductivity enhancement has opened prospects for the utili-

zation of several of these materials in solid-state electrochemical

devices, which include galvanic cells 17], electrochromic cells

[Ref.8], piezo-electric gauges [9], infrared detectors [10] and gas

sensors [11].
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Ba 2 +

•a,

Figure 1
The fluorite structure.

At low dopant levels the charge-compensating fluoride ion is

usually situated in an empty cube center directly adjacent to a

dopant ion, forming a nearest neighbor (nn) dipole, or it is

situated in an empty cube center in the [111] direction from the

dopant ion, forming a next nearest neighbor (nnn) dipole. Which

type of dipole dominates in the defect structure depends strongly

on the size of the dopant ion relative to the lattice cation [12].

At higher dopant concentrations more complex arrangements of fluo-

ride ion interstitials and dopant ions are observed [13,14].

The alkaline-earth fluorides are capable of incorporating

large amounts of trivalent cation fluorides, even up to 50 mole

percent (m/o) [15]. The ionic conductivity and defect structure of

the fluorite-type solid solutions Bai_xLaxF2+x (0 <, x < 0.492) have

been studied extensively in our laboratory [16]. The ionic conduc-

tivity of these solid solutions has been explained in terms of a

model describing the interaction between mobile defects and defect

clusters in the lattice.
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Tetravalent cation fluorides, such as UF^, can be incorporated

in BaF2 up to 25 m/o [17]. An earlier study on Mj_x_yUxCeyF2+2x+y

(M = Ca, Sr and Ba) solid solutions showed the increase in ionic

conductivity upon doping with UF4 to be even higher than upon

doping with LaF3 (see Figure 2) [17]. Since a higher ionic conduc-

tivity improves the possibilities of using these solid electrolytes

in electrochemical devices, a thorough study of Mi_xUxF2+2x solid

solutions was undertaken in order to determine and explain the

T(°C)
200 400

4 -

24 16 1.2

jo:
T

(K"1)

Figure 2

The temperature dependence of the ionic conductivity of

undoped and doped SrF2> plotted as logaT versus 10
5/T;

(1) SrF2; (2) Sr 0 i 9 9 6La 0 > 0 0 4F 2 > 0 0 4;

(3) Sr0<894Uoa02Ce0>004F2.208 [16],



concentration dependence of the ionic conductivity. This study

and also the precise determination of the defect structure of

Baj_xUxF2+2x
 s°lic' solutions are the main aims of this thesis.

A summary of the thesis is presented below.

The crystal growth and the characterization of the solid solu-

tions M_L_ XU XF2+2X ^ M = C a' Sr> ^ a n d P b^ w i t h ü 4 x * 0 # 2 i l a r e

described in Chapter I. Cylindrical single crystals with a diameter

ot up to 1.9 x 10~~' m, and a length of up to 4.2 x 10"^ m have been

grown by means of a modified Bridgeman-Stockbar^er method using a

radio frequency induction furnace.

All crystals appeared to be single phase with the cubic fluo-

rite structure. The reduction of U to U during the growth pro-

cedure could be almost totally prevented by introducing a small

amount (3 m/o) of lead fluoride into the growth mixture as a scav-

enger for oxygen impurities, and by using relatively large quanti-

ties of the starting materials. Crystals containing tetravalent

uranium are blue-green colored. The presence of trivalent uranium

is marked by orange-brown coloration of the crystal. X-ray diffrac-

tion and X-ray fluorescence methods have been utilized to determine

the U content of the solid solutions. The incorporation of UF4 in

Pbt'2 is found to have a stabilizing effect on the (3-PbF2 (fluorite)

structure, which is metastable at room temperature.

A study of the conductivity properties of Bai-x
uxF2+2x

(7.7xlO~5 i x * 0.211) and of Pb 1_ xU xF 2 + 2 x (l.OxlCT
3 < x < 0.10) is

presented in Chapter II. For Bai-xUxF2+2x
 t n e dependence of the

ionic conductivity on dopant concentration can be divided into four

separate regions. For 1.0 x 10"^ < x < 1.0 x 1O~2 the conductivity

activation enthalpy (AHg) in the extrinsic region is independent of

x and amounts to (1.17 + 0.02) eV, indicating the association en-

thalpy AH a of fluoride ion interstitials and 212-clusters to be

(0.90 + 0.05) eV. In the second region (1.0 x 10~2 < x < 0.05) AH g

is lowered to almost zero due to Debye-Hiickel-Lidiard interactions,

resulting in a gradual increase of the number of free fluoride ion

interstitials with increasing dopant concentration. Due to this in-
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crease the ionic conductivity increases by several orders of magni-

tude. In the third region, between x = 0.05 and x = 0.13, the ionic

conductivity as a function of dopant concentration is found to fit

the Enhanced Ionic Motion model [18], developed to account for the

compositional dependence of fluorite-type solid solutions based

on MF2 (M = Ca, Sr, Ba and Pb) with trivalent dopants. Between

x = 0.13 and 0.25, the ionic conductivity levels off to a constant

value, suggesting a continuous conduction path along 212-clusters.

The behavior of Pbi-XUXF2+2X solid solutions is similar, but with

different boundaries for the concentration regions.

The effect of an anion excess on the diffuse phase transition

and the specific heat anomaly of single crystals M, U Fo+2x

(M = Ca, Sr, Ba and Pb) was studied with impedance spectroscopy and

calorimetric measurements, the results of which are discussed in

Chapter III. The temperature Tc of the diffuse phase or Faraday

transition as obtained from ionic conductivity is strongly depres-

sed by the presence of UF^. For PDi_xUxF2+2x solid solutions,

calorimetric measurements show the enthalpy of the specific heat

anomaly (which peaks at a temperature T̂  which is close to Tc) to

decrease between x = 0 and x = 0.10 by more than one order of mag-

nitude. This indicates that the presence of defect clusters con-

taining IF+ in the lattice limits the number of thermally generated

defects induced in the high temperature transition. The amount of

thermally generated disorder therefore decreases substantially upon

doping with UF4»

A study of the fluorite-type solid solutions Baj_xLaxP2+x and

^al-xux^2+2x us:'-n8 t n e Thermally Stimulated Depolarization Current

(TSDC) technique is presented in Chapter IV. From 10 to 400 K the

TSDC scans showed four dipolar reorientation peaks to be present in

Baj_xLaxF2+x, and seven in Baj_xUxF2+2x; each scan also showed the

relaxation peak due to macroscopic space charge. An assignment of

these peaks is made using the defect structure of the solid solu-

tions as derived from neutron scattering results. The depolariza-

tion steps that cause low-temperature reorientation peaks at 21 K
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for Ba 1_ xLa xF 2 + x and at 29.5 K for Ba 1_ xU xF 2 + 2 x are ascribed to

222-clusters and 212-clusters, respectively. A critical discussion

of the present theories on depolarization current peaks, and a com-

parison between conductivity activation enthalpies derived from

space charge peaks and ionic conductivity measurements are also

presented.

In Chapter V, the study of single crystals of the fluorite-

type solid solutions Bai-x
uxF2+2x (°'° 2 4 x * 0.154) in a series of

neutron scattering experiments is described. At room temperature

scans of the (X00)/(0YY)-plane of the crystals showed the dominant

type of defect in these solid solutions to be the so-called 212-

clusters. The precise positions of the ions within this cluster are

obtained by comparing the scan of the (X00)/(0YY)-plane with the

result of a model calculation. Scans along the (X00), (OYY), and

(XXX) directions at temperatures above and below the Faraday tran-

sition showed the 212-clusi:er to be stable at high temperatures.

Above the transition, diffuse scattering was observed; this is as-

signed to thermally generated defect clusters, since undoped

fluorites are reported to show the same scattering around the

Faraday transition. At liquid helium temperature a polarized

B a0 946u0.054F2.108 s i n S l e crystal was studied by scanning the

(X00)/(OYY)-plane in order to obtain information about the polar-

ized state of the defect structure of these solid solutions.

CONCLUSIONS

TSDC-measurements showed the defect structure of Bai- x
u

to be concentration invariant between x = 7.7 x lO"-* and x = 0.168.

Neutron-scattering measurements showed the dominant type of

defect in Bai_xUxF2+2x
 s°lid solutions to be the 212-cluster.

The concentration dependence of the ionic conductivity of

Bal-xuxF2+2x s o l i d solutions car be fully explained in terms of the

observed defect structure.
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CHAPTER I

CRYSTAL GROWTH AND CHARACTERIZATION OF FLUORITE-TYPE

SOLID .SOLUTIONS Mi-XUXF2+2X (M = Ca, Sr, Ba, and Pb)

ABSTRACT

Crystals of the solid solutions MF2:UF^ (M = Ca, Sr, Ba, and

Pb) have been grown successfully by a modified Bridgeman-

Stockbarger technique using a radio-frequency induction furnace.

All Mj_xU,?2+2x (
x * 0.211) crystals appeared to be single-phase

with the cubic fluorite (CaF2) structure. Experimental circumstan-

ces necessary to avoid the reduction of U to U during growth

are discussed. Crystals containing tetravalent uranium have a blue-

green color. The presence of trivalent uranium is marked by an

orange-brown coloration of the crystal. Evidence of the valence-

state of the uranium dopant is presented. X-ray diffraction and

X-ray fluorescence methods have been utilized to determine the UF4

content of the solid solutions. The effect of ti.r incorporation of

UF4 on the stability of the 0-PbF2 structure at room temperature is

discussed.

1. INTRODUCTION

The synthesis of anion-excess solid solutions based on the

fluorites MF2 (M = Ca, Sr, Ba, and Pb) has attracted widespread

attention in the past decade. This interest is due to their unusual
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ion dynamics, and the occurrence of a diffuse phase transition at a

temperature T„» well below the melting temperature. Due to the an-

lon-excess the conductivity of these fluorites is enhanced by or-

ders of magnitude. The anion-excess causes Tc to decrease substan-

tially [1]. The ionic conductivity enhancement has opened prospects

for the utilization of several of these materials in solid-state

electrochemical devices, which include galvanic cells [2], electro-

chromic cells [3], piezo-electric gauges [4], infrared detectors

[5] and gas sensors [6].

The systems BaF2-.UF3 [7] and BaF2:UF^ [8] have been examined

by X-ray diffraction and by density measurements. The solid solu-

bility limit of UF3 in BaF2 is roughly 50 mole percent (m/o), cor-

responding to two dopant ions and two interstitial fluoride ions

per unit cell. For UF^ this solubility limit is about 25 m/o, also

corresponding to two interstitial anions per unit cell, but only

one dopant ion.

The growth of crystals in the systems CaF2:UF.j and CaF2:UF^

from the vapor phase has been reported [9], the valence state of

the uranium being determined mainly by the fluorine vapor pressure

in the crystal growth apparatus. Tetravalent uranium is incorporat-

ed in the presence of PbF2, and trivalent uranium under high vacu-

um. Melt-grown crystals of MF2-UF4-CeF3 (M = Ca, Sr, and Ba) have

been studied for use as a fission detector [10]. For a detailed

study of the electrical [11], and dielectrical [12] properties of

Mü.95uü.05F2.10 <M " C a a n d Sr>> Bal-xUxF2+2x <° < * < 0.211), and

Pbj_xUxF2+2x (0 < * < 0.10), as well as for neutron scattering

[Ref.13], and specific heat measurements [14], single crystals of

these solid solutions have been grown according to the method de-

scribed here. This Chapter presents the details of the crystal

growth procedure with special attention being given to the problem

of the reduction of the tetravalent uranium. The crystals were

characterized by X-ray powder diffraction, X-ray fluorescence and

optical absorption measurements.

Undoped PbF2 has two crystalline modifications [15], an ortho-

20



rhombic form (a-PbF2>, which is stable below about 625 K, and a

cubic form (|3-PbF2)> with the fluorite structure which is stable

above 625 K. The cubic modification will not reconvert spontaneous-

ly to the orthorhombic structure at room temperature. However, ap-

plication of mechanical pressure has been reported to induce a (3 to

a transition [16]. In this Chapter the influence of the UF^ dopant

on the stabilization of the fi-PbF2 structure will be reported.

2. EXPERIMENTAL ASPECTS

For the preparation of single-crystalline ingots of composi-

tions in the systems M1_XUXF2+2X (M = Ca, Sr, Ba and Pb) the start-

ing materials were MF2 (Merck suprapur), and UF4 (AERE Harwell).

Nuclear Magnetic Resonance measurements on the crystals showed the

oxygen and iron content to be less than 1 * 10 mole percent (m/o)

for M = Ca, Sr and Ba, and less than 5 x 1CT3 m/o for M = Pb [17].

Weighted amounts of the starting materials were mixed by

grinding for about five minutes in an agate mortar. For the solid

solutions based on the alkaline earth fluorides approximately 3 m/o

PbF2 was added to the mixture to act as a scavenger for oxygen. The

crucibles used for the purification and the growth of the anion-

excess solid solutions were made from high-purity graphite. The

precise shape and dimensions of the crucibles have been reported

before by Roos [18], who employed this type of crucibles with a

pyrographite inner layer to grow tysonite-type fluorides. For the

present materials this inner layer was not required, because the

fluorides hardly wet graphite. A detailed description of the radio-

frequency (R.F.) induction furnace and the vertical zone-refining

apparatus used to grow the crystals has been reported recently

[Ref.18].

The crucible with the starting mixture is preheated at approx-

imately 1150 K for one hour in vacuum (1 x 10~^ Pa) for M = Ca, Sr
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and Ba, and at 800 K for M = Pb. The crucible was then allowed to

cool to near room temperature before starting up a purified nitro-

gen gas flow of lCT-* m-Vs through the growth chamber. The ambient

gas was purified using a BTS (BASF) catalyst trap, a molecular

sieve (Union Carbide) trap, and a liquid nitrogen trap. Before each

crystal growth run the BTS catalyst was regenerated at 450 K in a

flow of high-purity hydrogen gas (Air Products) for two hours at a

flow rate of 10 m /s. The molecular sieve was regenerated at

b50 K by a nitrogen gas flow of i0~^ ÏÏT/S for three hours. The

crystal growth was performed at temperatures about 20 degrees be-

yond the respective melting temperatures of the solid solutions.

The setup did not allow very accurate temperature measurements. An

optical pyrometer (Leeds & Northrup-8627) was used to measure the

temperature of the crucible. The ideal growth temperature was de-

termined empirically by varying the R.F.-generator output in a

series of growing experiments. The melting temperatures of the

solid solutions Mi- XU XF 2 +2 X
 w i t n M = Ca> Sr> a n d B a w e r e found to

be lower than the melting temperatures of the corresponding undoped

fluorites fü^. For M = Pb the melting temperatures of the solid

solutions were found to lie above that of the undoped PbF2> as has

been reported before [19].

The growth rate was found to be of great influence on the

valence state of the uranium ion. A growth rate of at least

9 x 10 m/hr was necessary to prevent the reduction of U to U .

The crystals were allowed to cool down to room temperature before

removal from the growth chamber. X-ray powder diffraction (CuKcCi

radiation) was used to determine the structure and the precise lat-

tice constant aQ. A Perkin Elmer EPS-3T recording spectrophotometer

was used to detect UJ ions in the crystals Mi-xUxF2-|-2x' As
 a r e f ~

erence the undoped MF2 was used, along with reported spectroscop-

ical data for Ca 1_ xU xF 2 + x and Ca 1_ xU xF 2 + 2 x [9]. To study the

mechanically pressure-induced p to a reconversion, the Pbi-xUxF2+2x

solid solutions with 0 < x < 0.10 were ground in an agate ball mill

for 15 minutes. The structure of the resulting powder was then de-
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termined by X-ray powder diffraction analysis. The ratio of the

(200) p-structure reflection (Ip). and the (210) a-structure re-

flection (Ia), was taken as a measure of the p to a reconversion.

The X-ray fluorescence measurements which were carried out

to determine the U concentration, were performed at the RisfJ

National Laboratory (Roskilde, Denmark).

3. RESULTS

Crystals were obtained of 3.0 * 10"^ m in length, and

1.0 x 10 m in diameter. No inclusions of graphite particles were

observed. No weight losses other than the evaporation of the scav-

enger PbF2 were observed. In total 24 crystals of the solid solu-

tions Ba1_xUxF2+2x
 w i t h x varying from 7.7 x 10~5 to 0.211; 7 crys-

tals of the solid solutions pbj_xUxF2+2x with x varying from 0 to

0.10 ; Ca!_xUxF2+2x with x = 0.015 and 0.05, and Sr0#g5U0#g5F2-10

have been grown successfully. All crystals containing tetravalent

uranium were blue-green colored. For dopant concentrations beyond

7 m/o the coloration was so intense that the crystals appeared

black. The cutting of thin slices with thickness less than

1.0 * 10 m confirmed the blue-green color. Due to the presence of

trivalent uranium the crystals will turn brown. Crystals containing

only U as dopant are orange-brown colored. At U concentrations

beyond 2 m/o this coloration will turn the crystals black.

Complete reduction of U to U was found to occur only when

pre-heating of the MF2:UF^ (M = Ca, Sr and Ba) mixtures was per-

formed at temperatures above 1250 K in the absence of PbF2 as a

scavenger for residual oxygen. Partial reduction of U^+ to lP+ oc-

curred when growth rates slower than 9.0 x 10 m/hr were used. Ab-

sorption spectra of 2.0 x 10~3 m thick slabs of Bao.9gUo.o2
F2.O2

and Bao,98^O.O2F2.O4 a r e s n o w n i n Figure 1. Assignment of the ab-

sorption maxima were made using the spectra reported by Recker and
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Ba0.98U0.02F2.02
£a0.98U0.02F2.04

400 500 600
> Xnm

Figure 1

Absorption spectra of B a 0 > 9 8 U 0 - 0 2 F 2 # 0 2 and B a 0 > 9 8 U 0 - 0 2 F 2 # 0 4 .

Leckebusch [9] for vapor-phase grown C ai_ xU xF 2 + x and Ca 1_ xU xF 2 + 2 x.

At uranium concentrations of 0.3 m/o and more the crystals

were found to contain striations and cellular-type defects. Similar

crystal defects have been observed in Ba^_ xLa xF 2 + solid solutions

[20]. The cleavage planes revealed the presence of small angle

grain boundaries. These imperfections are the logical result of

supercooling induced by the high growth-rate employed. Crystals of

the solid solution BaQig2llQ#QgF2<^ were obtained without the stri-

ations and cellular-type defects. These crystals were grown follow-

ing a slightly modified procedure, by placing the crucible in the

center of the ring of the R.F. induction furnace, followed by heat-

ing the crucible to 1620 K. The generator output was then lowered

in small steps until the crucible was cooled down to 750 K. The

R.F.-generator was then shut off, and the crystal was allowed to

cool down for about 6 hours. During this procedure the crucible was

kept in place. The preheating treatment as well as the growth am-
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bient were the same as described in the previous section. The crys-

tals which were grown using the stationary crucible contained

small-angle grain boundaries as well as some large gas filled cavi-

ties. The use of large amounts of starting material improved the

stability of U enormously. Upscaled by a factor of six, the va-

lence of U remained stable at even the slowest growth rates

(3 x 10 m/hr). An example of such a large crystal is shown in

Figure 2.

Figure 2

A crystal of the composition Bao,946^0.054^2 108
(weight: 5.0 x 10" 2 kg).

The concentration dependence of the lattice constants aQ of

the solid solutions Mi-x
u
x
F2+2x ^M = Ca' Sr a n d Ba^ w a s r e P o r t e d b v

Catalano and Wrenn [1U]. This dependence was used to determine the
An-
il content of the crystals by measuring the lattice constants with

X-ray diffraction. All crystals were found to contain the weighted

amount of U within the experimental error of the method of deter-
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Table I

MResults of U determination in solid solutions

weighted X-ray diffraction X-ray fluorescence

ao [1(T1 0 m] x

0

0.00158

0.00328

0.00709

0.0199

0.0505

0.0709

0.080

0.132

0.166

6.1997

-

-

6.1966

6.1916

6.1776

6.1711

6.1682

6.1448

6.1330

0.

0.

0.

0.

0.

0.

0.

—

-

-

008

021

055

072

079

139

168

0.00120

0.00333

0.00897

0.0205

0.0540
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initiation. The results for some of the Bai-XUXF2+2X crystals are

given together with the weighted concentrations in Table I. Results

of the X-ray fluorescence measurements are incorporated in this

table. In addition, this method revealed 0 - 1.1 % of the scavenger

PbF2 to be present in the BaF2~based solid solutions. The lattice

constant of ^^l-x^x^2+2x w a s f°utld to ^e independent of x within

3 * 10~14 m.

The concentration dependence of the reconversion of the fluo-

rite (P) to the orthorhotnbic (a) structure of the solid solutions

Pb2_xUxF2+2x is shown in Figure 3. As can be seen a solute concen-

tration of about 2 m/o suffices to prevent the reconversion almost

completely.

0.02 0.04 0.06 0.08
> X

0.10

Figure 3

The fluorite to orthorhombic reconversion in
p^l-xUxF2+2x so^^^ solutions as a function of solute content x.
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4. DISCUSSION

The single crystals of the solid solutions Mj_xU

Ca, Sr, Ba, and Pb) which were obtained employing the growth method

described here did not contain more than traces of trivalent urani-

um. With this method it is feasible to grow single crystals of all

possible compositions in the fluorite domains of the phase diagrams

of the systems MF2:UF^ (M = Ca, Sr, Ba and Pb). The spectroscopical

method which revealed the absence of IP + in the crystals has a de-

tection limit of ~ 0.1 tn/o. In fact, much lower concentrations of

trivalent uranium were manifest in Thermally Stimulated Depolariza-

tion Current (TSDC) measurements [12] , and F Nuclear Magnetic

Resonance (NMR) measurements [17], which have been performed on the

crystals. The detection limit of these highly sensitive techniques

is about 1.0 x 10 m/o. The types of dipoles formed by trivalent

uranium and interstitial fluoride ions show depolarization current

peaks at different temperatures from the peaks due to the tetra-

valent uranium/interstitial dipoles [12]. The paramagnetic response

of U differs from that of U . Detailed results of these investi-

gations will be published elsewhere [17]. The striations and cel-

lular-type defects, which were found in all crystals containing

more than 0.3 m/o U are an unfortunate but inevitable effect of

the high growth rate which was necessary to prevent the reduction

of the tetravalent uranium. As mentioned before, crystals were

grown of the solid solution Bao.92uO.O8F2 16 which showed no stria-

tions and cellular-type defects. However, the irregular form of

these crystals, and the large cavities which they contain prevent

these crystals to be used in various experiments. The absence of

the striations, and the cellular-type defects can be explained by

the stepwise cooling of the crucible during which thermodynamic

equilibrium between lattice defects can be established better,

while fluctuations in the distribution of the solute content are

expected to be less important.

The linear decrease of the lattice constant with solute con-
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tent (Vegard's rule) was used not only to determine the solute

concentration but also the difference in concentrations between the

upper and the lower parts of the crystals. These differences turned

out to be of the order of the accuracy of the X-ray method

(~ 0.1 m/o).

In the system PbF2:UF^ the melting temperature of the solid

solutions increases with increasing UF4 content [19]. The melting

point of Pbg 95UQ 05^2 10» wh*-ch ^ a s been determined by Differen-

tial Thermal Analysis (DTA) fits the reported data, so it can be

concluded that the solute content of this crystal is close to

5 m/o. This provides some evidence that also for Pb|_xUxF2+2x
 t^le

weighted concentrations of UF^ are close to the actual concentra-

tions in the crystals. The melting temperatures of the solid solu-

tions M^_XUXF2+2X (M = Ca, Sr and Ba) have been shown to decrease

with increasing x. Attempts to determine these melting temperatures

more accurately by DTA failed due to the reduction of tetravalent

to trivalent uranium at temperatures around 1450 K, caused by

either the slow heating of the sample or residual oxygen impurities

in the Argon gas ambient during the DTA run.

The stabilizing effect of the UF^ dopant on the fluorite lat-

tice of the Pbj_xUxF2+2x solid solutions can be readily seen from

the data in Figure 3. Undoped PbF2 reconverts almost completely

from the metastable f3- to the a-structure under the experimental

conditions used here. This phenomenom has been reported before for

nominally pure f3-PbF2 [16]. For the solid solution pbQ>9gUQ>Q2F2#o4

the fluorite structure appears to be stable under mechanical pres-

sure. As only 2 m/o UF^ is sufficient to prevent reconversion, the

incorporation of tetravalent uranium exerts a strong stabilizing

effect on the fluorite structure of PbF^. The increase of the melt-

ing temperatures of the solid solutions with increasing dopant con-

tent is a further indication of this stabilization. As can be de-

duced from the specific weights of <z-PbF2 (8.24 g/cm
3) and p-PbF2

(7.75 g/cm3), the transition from the f3- to the a-structure implies

a contraction of the lattice. It has been reported for solid solu-
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tions l>bi-xThxF2+2x that 2.5 m/o of ThF^ causes 5 m/o interstitial

fluoride ions to occupy the empty cube centers aroung the Th

ions, and also 5 m/o of the lattice fluoride ions surrounding the

Th ions to be displaced from their regular lattice sites [21] to

form stable 212-clusters. A relative small amount of dopant in the

form of defect clusters thus stabilizes a considerable part of the

lattice. Defect clusters have been reported to occur in

pbl-xBixF2+2x solid solutions [21]. It is likely that also in

Pbj_ xU xF 2 +2 x extended defect clustering occurs, which prevents the

p-structure to reconvert to the a-structure.
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CHAPTER II

THE IONIC CONDUCTIVITY OF FLUORITE-TYPE SOLID SOLUTIONS

Bal-xuxF2+2x A N D pbl-xuxF2+2x

ABSTRACT

The ionic conductivity of single crystals of the fluorite-type

solid solutions Bai-x
uxF2+2x ^7'7 x 10~5 * x *" °«211)« a n d

Pb,_xUxFn+2 (1.0 x 10 < x < 0.10) has been studied as a function

of temperature in the regions 300 to 1300 K and 300 to 900 K, re-

spectively. With increasing solute content the isothermal ionic

conductivity of these, solid solutions increases by several orders

of magnitude, whereas the conductivity activation enthalpy de-

creases.

For Bai_xUxF2+2x
 t*ie dependence of the ionic conductivity on

dopant concentration can be divided into four separate regions.

Between x = 0.001 and x = 0.01 the conductivity activation enthalpy

in the extrinsic region is constant and amounts to (1.17±0.02) eV,

indicating the association enthalpy of fluoride ion interstitials

to 212-clusters to be (0.90±0.05) eV. In the second region, between

x = 0.01 and x = 0.05, the association enthalpy is lowered to al-

most zero due to Debye-Hückel-Lidiard interactions. This results in

an increase of the number of free fluoride ion interstitials taking

part in the conduction process, and consequently in an increase of

the ionic conductivity. In the third region (0.05 < x < 0.13) the

ionic conductivity as a function of dopant concentration is found

to fit the Enhanced Ionic Motion model, developed to account for

the compositional dependence of fluorite-type solid solutions based
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on MF2 (M = Ca, Sr, Ba and Pb) with trivalent dopants. Between

x = 0.13 and 0.25, the ionic conductivity levels off to a constant

value, suggesting a continuous conduction path along 212-clusters.

The behavior of Pbi-XUXF2+')X solid solutions is similar, with other

boundaries for the concentration regions.

1. INTRODUCTION

The ionic conductivity of the alkaline-earth fluorides and

lead fluoride doped with monovalent and trivalent cations has been

studied for a large number of systems [1-3]. For B ai- xLa xF2 + x solid

solutions it was reported by Wapenaar and Schoomnan [4] that the

ionic conductivity of the concentrated (x > 0.05) solid solutions

was governed by the enhanced mobility of a small number of defects

(~ 1 mole percent), which was composition independent.

A number of Ba^_x_yUxCeyF2+2x+y solid solutions with

0.095 < 2x + y < 0.266 have been studied by Wapenaar and Schoonman

[Ref.5]. For the ionic conductivity of these solid solutions they

reported that the enhanced mobility model fitted the extrinsic

region. A conductivity study of Pbi_x^x
F2+2x s o ^ ^ solutions was

published by Murin and Glumov [6], who reported the ionic conduct-

ivity to go through a maximum for x = 0.125. A more detailed study

of a similar system pt>i_xThxF2+2x>
 a^-so reports a maximum ionic

conductivity for x = 0.125 [7],

A study of the high-temperature ionic conductivity and specif-

ic heat of wi-x
uxF2+2x ^ M = Ca» Sr» ^ a > anc' pk) is presented in

Chapter III of this thesis. The emphasis of that study is centered

on the compositional dependence of the diffuse phase transition,

which is marked by a negative deviation of the ionic conductivity

from Arrhenius behaviour, starting at a critical temperature Tc. It

is reported that Tc was lowered with increasing solute content. The

results have been published before [8J.

34



This Chapter is devoted to a study of the ionic conductivity

of samples with low and moderate dopant concentrations. Differences

between compositional dependences of the ionic conductivity of

Bal-xuxF2+2x a n d Bal-xLaxF2+x s o l i d solutions will be explained

using results of recent neutron scattering studies on the defect

clusters in these solid solutions [Refs.9,10 and Chapter V of this

thesis].

Finally a comparison between the conductivity activation en-

thalpies obtained from Thermally Stimulated Depolarization Current

measurements on Bai-xUx^2+2x soli1! solutions, a; 1 the enthalpies

obtained from the present ionic conductivity study will be

presented.

2. EXPERIMENTAL

Single crystals of the Ba1_xUxF2+2x and Pb1_xUxF2+2x solid

solutions were grown by a modified Bridgman-Stockbarger technique

[II]. Single crystalline ingots, typically 3.0 x 10" 2 m long, and

1.0 x lCT^ m in diameter were obtained. The crystals were cleaved

along the [lll]-plane. Crystals varying in size from 1.0 x 10~^ to

1.0 * 10 m thick, and with a surface area of 2.0 x lO"-*

to 1.0 x 10""̂  m were used for the ionic conductivity measurements.

For the Baj_xUxF2+2x solid solutions the ionic conductivity

was measured for twenty different dopant concentrations varying

from 7.7 x 10""̂  to 21.1 mole percent (m/o). The solute content of a

number of these samples was determined by X-ray diffraction and

X-ray fluorescence measurements [ H ] . For the Pbj_xUxF2+2x
 so -̂'-c'

solutions eight different dopant concentrations between 0.1 and

10.0 m/o were studied.

The ionic conductivity measurements were carried out in vacuum

(10 Pa). Use was made of a nickel conductivity cell. Bulk ionic

conductivities of the crystals provided with platinum painted elec-
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trodes were determined using impedance spectroscopy. Impedance/ad-

miLtance spectra were recorded in the frequency range 10 to

10° Hz using a Solartron 1174 frequency response analyzer, provided

with a Tektronix AM 502 preamplifier. The technique has been de-

scribed before [12]. A non-linear least-squares analysis of the

recorded impedance/admittance spectra provided numerical values for

the bulk conductance, and interfacial polarization phenomena. The

results of this analysis show close resemblance to the work of

Wapenaar and Schoonman on Bai_x-yUxCeyF2+2x+y t ^ ] . They reported

the formation of a high resistance surface layer as a result of

oxygen contamination. We also observed an orange coloration of con-

taminated samples. This suggests that a reduction of the tetra-

valent uranium ions to trivalent ions takes place on the surface of

the crystals. The oxygen contamination mentioned above is observed

only when the samples were heated above 800 K. The bulk conductivi-

ty was not influenced by this effect, and remained stable upon

thermal cycling. Only a prolonged stay at temperatures above 800 K

(at least 24 hours) caused a reduction of the bulk conductivity

values with about 50 percent.

The P^i-xUx^2+2x
 s°lid solutions were more sensitive to oxygen

contamination than the ^i-x^x
F2+2x s o l i d solutions. The contamina-

tion of the PbF2~based samples influenced the bulk properties to a

greater extent than for the BaF2~based samples. At temperatures

below 800 K, the conductivity properties of all the samples remain-

ed approximately stable for several weeks.

3. RESULTS

Figure I presents a representative example of a three-

dimensional admittance spectrum of a Bai_xUxF2+2x
 s°li^ solution

together with the results of an equivalent circuit fit, using the

circuit presented in Figure 2. The R^ data have been used here to
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Figure 1
A three-dimensional admittance spectrum

of ^o.aeiUo.n^^s at 562 K-
0~5

" 5
2782 Ü, CPA1 = 1.42 x 10"
205.1 ü, CPA2 = 3.71 x 10
R2 = 47.6 Q, C = 5.0 x 10

Ri

HcPAi |—WWV—

04
, a,
~ 1 C

0.476,
0.827,

F.

-[CPA 2

"2

Figure 2

A typical equivalent circuit used to fit the experimental data

for the solid solutions Bai-xUx
F2+2x*
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calculate bulk ionic conductivity data. The resistance R^ is usual-

ly two orders of magnitude higher than R^. For B^o.946^0.054F2.108

single crystals, which have been grown at a very slow growth rate

(see Chapter I), Rj was even four orders of magnitude higher than

Ru, and CPA2 came very close to being a true capacitance. Figure 3

presents the temperature dependence of the ionic conductivity of

several Bai_xUxF2+2x
 s°li^ solutions. Figure 4 shows a detail of

the high temperature region of Figure 3, showing a negative devia-

tion from Arrhenius behaviour at a temperature T , which is lowered

with increasing solute content. A detailed discussion of the effect

of the dopant concentration on the onset of the negative deviation

from Arrhenius behaviour can be found in Chapter III. The suppres-

sion of Tc is more pronounced in the BaF2~based solid solutions

than in the PbF2~Dased solid solutions.

The temperature dependence of the ionic conductivity of some

pbl-xUxF2+2x s°lici solutions is shown in Figure 5. Figure 6

presents for Ba, UxF2+2x
 s°lid solutions the compositional depen-

dence of the isothermal ionic conductivity (a), and the conductivi-

ty activation enthalpy in the region (b). Data for B ai_ xLa xF2 + x

solid solutions have been included for comparison [4]. It appears

that the decrease in AH 0 is more gradual for x < 0.05 if BaF2 is

doped with UF4 than with LaF-j. At higher dopant concentrations

(x > 0.05) the doping with UF^ results in lower Aï^ values and

higher conductivity values than in the case of the dopant LaF^.

Figures 7a and 7b show the compositional dependence of a and

AH for pt>i_xUxF2+2x solid solutions. For x < 0.125 these parameters

show a similar dependence on the dopant concentration as the

Bal-xuxF2+2x s o i i d solutions. Literature data [6] report an in-

crease of AH a, and a lowering of 0 for x > 0.125. Unfortunately we

were not able to prepare pbj_ xU xF2 +2 x crystals with x > 0.1 [11].

The PbF2~based solid solutions show a higher ionic conductivity at

room temperature than the BaF2~°ased solid solutions, but a greater

affinity for oxygen contamination.
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100

Figure 3
The temperature dependence of the ionic conductivity plotted as

logoT vs T"1 for a number of B a ^ U ^ ^ x solid solutions.
a) x = 0; b) x = 0.0033; c) x = 0.015; d) x = 0.035;

e) x = 0.054; f) x = 0.072; g) x = 0.113.
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Figure 4

The temperature dependence of the ionic conductivity
of Bai_xUxF2+2x solid solutions, plotted as logcrT vs 10 /T.
Temperature region 715 - 1275 K. (a) x = 0; (b) x = 0.009;

(c) x = 0.015; (d) x = 0.054; (e) x = 0.072;
(f) x = 0.113; (g) x = 0.139.
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Figure 5
The temperature dependence of the ionic conductivity

plotted as logaT vs T"1 for a number of Pbi_xUxF2+2x

solid solutions, a) x = 0; b) x = 0.001; c) x = 0.02;
d) x = 0.05; e) x = 0.10.
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Figure 6a

The isothermal ionic conductivity ac 400 K

plotted as logöt vs x for Baj_xL'xF2+2x
 so^i-d solutions.

The data for Ba 1_ xLa xF 2 + x are included for comparison (Ref.[4J).

[eVl

1.5-

1.0-

r

0.5-

I

—nr
™~ — ~ .

B°1-XL aXF2*X

0.05 0.10
x

Figure 6b

015 020

The dependence of AHa on the concentration of excess fluoride ions;

The data for are included for comparison (Ref.(4J).
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Figure 7a

The isothermal conductivity at 333 K

plotted as logoT vs x for pbi_xUxF2+2x solid solutions.
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Figure 7b

The dependence of AH0 on x for Pb1_xUxF9+2x solid solutions.



4. DISCUSSION

The ionic conductivity of many anion-deficient and anion-

excess dilute solid solutions based on |3-PbF2 and BaF2 has been

studied in great detail. These studies have shed light on the

numerical values of the intrinsic anti-Frenkel defect parameters.

The migration enthalpies AIL pi which shall be used here

are the following: for p-PbF2 AH^, F, = 0.55 eV [14], and for BaF2

& H m F'- = ° - 7 1 A eV I 4 ] -

In addition, a detailed analysis of the intrinsic ionic con-

ductivity of |3-PbF2 and BaF2 reveals the fraction of free intersti-

tials at Tc to amount to about 2 and 1 ra/o, respectively [15], con-

trary to the concept of massive disorder as apparent from neutron

scattering studies.

These well-established parameter values will be the starting

point of our discussion of the temperature and composition depen-

dence of the ionic conductivity of the present solid solutions.

With regard to the BaF2~based solid solutions we may discern four

concentration intervals in the AH a vs x relation. These intervals

are Indicated in Figure 6b.

For the ionic conductivity of the B ai_ xU xF2 +2 x solid solution

with the lowest value of x, viz. 7.7 * 10" , we obtained for the

extrinsic conductivity activation enthalpy the value (0.92 + 0.02)

eV. For this low dopant level inevitable oxide impurities may exert

a noticeable influence by compensating in part the effect of the

tetravalent dopant. Further, the mobility condition jiy. > Upt holds
F i

generally for fluorites at low and moderate temperatures. Under

these conditions the extrinsic conductivity changes gradually from

vacancy to interstitial conductivity, while the conductivity acti-

vation enthalpy, being concentration dependent, goes through a

maximum [14]. Therefore, we refrain from a discussion of the

value for the sample with the lowest x value.



4 . 1 . LOW-CONCENTRATION REGION

(Bai_xuxF2+2x; i.oxicr
3 < x < l.oxicr2)

In this region the isothermal ionic conductivity increases

with dopant content, while the conductivity activation enthalpy

remains constant, viz. (1.17 + 0.02) eV. This conductivity acti-

vation enthalpy is much larger than the migration enthalpy for

unbound fluoride interstitials (0.714 eV). The ionic conductivity

in this region is governed by fluoride ion interstitials. In this

concentration region, however, almost all F! are part of defect

clusters. This was demonstrated by a study of the dielectric

relaxation phenomena associated with this defect clustering

Ref.[16]. Further evidence for defect clustering has been obtained

from neutron scattering measurements [9].

L-shaped defect clusters consisting of a substitutional

uranium ion and two fluoride interstitials at nn positions (viz.

Figure 8) are predominant. These clusters are called 212-clusters.

Hence, the conductivity is governed by migration and dissociation:

AH = AH T,1 + iAH (1)
a m,F! a

where AH is the association enthalpy of the following equilibrium:

Using AH0 = 1.17 eV, and AH^pt = 0.714 eV [4], this gives

AHa = (0.90 ± 0.05) eV. If we compare this value with AHa for the

association of F!̂  to Laga in an nnn-dipole in Bai-xLaxF2+x solid

solutions (0.39 eV), it can be concluded that the number of free

F£ will be much lower in Bai-xUx
F2+2x than in Bai-x

IjaxF2+x solid
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solutions for the same values of x in this concentration region.

4.2. INTERMEDIATE REGION

(Baj_xUxF2+2x' l'0
x10~2 < x < 5.OIO"2)

The extrinsic conductivity activation enthalpy decreases in

this concentration region from 1.17 eV to 0.65 eV, whereas the

isothermal conductivity increases several orders of magnitude. In

solid solutions Bai-x
LaxF2+x ^^ similar dramatic conductivity

parameter changes have been observed over a smaller concentration

range. For these solid solutions simple nn and nnn dipoles

(LaBaF^)
X occur, along with L-shaped (LaBa2Fi)' and so-called 222-

clusters for x > 0.02 [17].

In the case of Bai_xLaxF2+x the dissociation enthalpy de-

creases with increasing LaF3 content, as a result of the inter-

action between the free charged defect and its surrounding charge

cloud. The decrease has been described theoretically by means of

the Debye-Hückel theory, modified by Lidiard for solid electrolyte

solutions (DHL) [18].

2 2q2 x x

AH = AH ° - -; 3-4T ^r with K = ( ~)2 (2)
a a 4nee (1+KR) ee kT

o o

where K is the Ttebye-Hückel screening constant, R the distance of

closest approach for the free defect, and xc the number of free

defects per m ; the other parameters have their usual meaning.

The DHL-model can account for the observed compositional de-

pendence of the conductivity parameters of Bai_xUxF2+2x
 i n t*le

concentration region under consideration. In these solid solutions

the U£a and F[ tend to form the clusters depicted in Figure 8. The

dissociation enthalpy for an nnn-dipole in Bai-xL
a
x''2+x (0.39 e^)

is much lower than the dissociation enthalpy for the 212-cluster in
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Figure 8
A 212-cluster In Ba1_xuxF2+2x solid solutions.
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Bal-xüxF2+2x (0.90 eV). This explains the slower increase in ionic

conductivity with dopant concentration for Bai-x^xF2+2x so'-^

solutions compared with Bai_xLaxF2+x (see Figure 6a).

The bound fluoride interstitials exert dipolar jumps, but they

contribute only to the conductivity when they dissociate from the

cluster. With increasing solute content the dipole-like jump may

contribute to the conductivity if a continuous pathway is formed.

This type of percolation conduction has been proposed for
Bal-xLaxF2+x ky Wapenaar et al. [4]. The predicted percolation

threshold deviated from the value observed experimentally, because

more extended defect clusters are formed next to the nn and nnn

dipoles.

For Bal-x^xF2+2x w e c a n calculate a percolation threshold

based on (UgjjFp' and (Uga2Fi)
x defects. However, structural inves-

tigations show that (UBa2Fi)
X clusters are predominant [9]. The

dissociation of one bound fluoride interstitial from this cluster,

and the subsequent trapping of this interstitial at a neighbouring

(UBa2Fi)
x cluster leads to a so-called "gettered" 212-cluster, with

a similar structure as a reported "gettered" 222-cluster [19].

Based on this type of mechanism we calculate a percolation

threshold of x = 0.05. This was done by multiplying Wapenaar's

value (1.3 m/o) [20] by a factor of 4, since the 212-cluster has

only two possible sites for capturing a free F|, whereas the nnn

dlpole in Bai-xLax
F2+x ^ a s ^S^ 1 1 possible sites. It seems that in

the present BaF2-based solid solutions the DHL corrections to AHa

predominate up to x = 0.05. Hence, more free F̂  defects are

thermally generated than based on the value for AHa°.
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4.3. ENHANCED IONIC MOTION REGION

Here the conductivity activation enthalpy decreases linearly

with solute content. Extrapolation of the enthalpy data in this

region to zero solute content yields the interstitial fluoride ion

migration enthalpy in undoped barium fluoride lattice. In this way

we derived AF^ pi = 0.72 eV, which value is in good agreement with

the value obtained in Ref.[4] in a similar way using the data for

the series Bai-x
LaxF2+x (0'7l4 eV) . The isothermal conductivity

increases exponentially with solute content. Similar compositional

dependences have been observed for Mi-x-yUxCe F2+2x+y '
M = Ca, Sr,

and Ba) [5], &aj_xLaxF2+x [4], and Sr1_xLaxF2+x [21] and a large

variety of fluorite-type solid solutions ^i-x^xï^+x ^M = Ca» Sr'

Ba; R = Y, La-Lu) [1]. To account for this behaviour, the Enhanced

Ionic Motion model has been developed [4J. This is based on the

important property of the concentrated solid solutions that, for

concentrations above the percolation threshold, all the intersti-

tial sites involved in. the conduction path are surrounded by cation

defects, implying the absence of association in the conduction

mechanism.

In this model the number of fluoride interstitials is small

and solute-independent (~ 1 m/o) and the mobility is determined by

a distribution in the jump enthalpies, arising from the perturba-

tions of the saddle point for interstitialcy migration by the

presence of impurity defect clusters. For the extrinsic region the

conductivity equation then reads:

aT

where p stands for the width of the interaction energy distribu-

tion, and AH for the average activation enthalpy for migration of



fluoride ion interstitials. The value of AH is decreasing linear-
m

ly with the dopant concentration as a result of a decrease of the

jump enthalpies due to an increasing influence of defect clusters

on the conduction path.

A similar approach has been applied to account for the com-

positional dependence of the ionic conductivity of several glasses

by Glass and Nassau [22], For glass systems a distribution in con-

ductivity activation enthalpies is intrinsic.

For x = 0.13, AH 0 has the value of 0.49 eV. Since AH Ö does not

decrease further for x > 0.13, this concentration is considered to

be the higher concentration boundary of the EIM region. This sug-

gests that at this value the entire conduction path of the fluoride

ion interstitials undergoes interaction with the 212-defect clus-

ters. The precise nature of these interactions is yet unknown,

although the formation of "gettered" 212-clusters as intermediate

steps of the conductivity process is a prominent possibility.

Recent NMR measurements on Bai-XUXF2+2X
 so-'-:i-̂  solutions confirm a

specific interaction between the fluoride ion interstitials and the

212-clusters [23].

4.4. HIGH DOPANT CONCENTRATION REGION

(B a i_ xU xF 2 + 2 x; 0.13 < x < 0.24)

Both AH 0 and the isothermal conductivity are concentration

independent in this region. As follows from the explanation of the

results for x = 0.13 no changes in both AH O and the isothermal con-

ductivity are to be expected if no other defect complexes than 212-

clusters are formed. For a Bag^g^UQ 154^2.308 solid solution it

was determined by neutron diffraction that 212-clusters remain the

dominant (> 90 %) form in which the U ions occur in this host

lattice [9].

The aggregation of defect clusters to form larger complexes

depends on the stability of such complexes in the host lattice, and
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on the crystal growth procedure. Slow crystal growth rates tend to

increase the probability of the formation of larger aggregates, and

even of the formation of a second phase, as has been shown in the

series Ca2-x^x^2+2x ^ ^ * ^or o u r s0-'-:'-<' solution series we did not

find any indication for aggregate formation, not even in crystals

grown at low growth rate. If aggregation of defect clusters takes

place, the ionic conductivity will decrease in some cases [7]. It

depends on the nature of the aggregates whether the enthalpy of the

fluoride ion interstitial migration will be influenced. Also the

available interaction volume in the lattice will decrease upon the

formation of large aggregates, resulting in a shift of the percola-

tion threshold to higher dopant concentrations. This may be the

reason why in the solid solution series Bai-xLaxF2+x the corre-

sponding region IV has not been observed [A].

A.5. THE SOLID SOLUTIONS

In the AILj vs x plot of the solid solutions Pbi-xUx
F2+2x w e

observed only the regions II and III (see Figure 7b). From the AHg

for the crystal with the lowest x value ( x = 0.001) it can be

derived that AHa = (0.32 ± 0.04) eV. This low value is probably the

reason that region I could not be observed in this solid solution.

Region IV could not be found because of the too low U content of

the samples studied.

Region II can be explained in the same way as was done above

for the solid solutions Ba2_xUxF2+2x» For region III the EIM model

will hold. By extrapolating to x = 0 we found for the AIL pi a

value of 0.57 eV, in good agreement with the literature value of

0.55 eV [14].
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4.6. GENERAL REMARKS

A consequence of the EIM model is that in a plot of logaT vs

AHg the data for several fluorite systems are found on one straight

line, which extrapolates for each temperature to a constant value

of logaT (AHJJ = 0). This is strong evidence that the conductivity

is governed by a small (~ 1 m/o) [15] solute-independent number of

fast-conducting fluoride interstitials. A detailed analysis of such

isotherms has been reported by Wapenaar et al. [4] for the

Baj_xLaxF2+x system, and by Ivanov et al. [21] for Sri-xLaxF2+x-

Figure 9 presents the isotherms reported for some M1_^RVF^W

(M = Ba, Pb; R = La, Bi) , and M1_xThxF2+2x (M = Sr> pt>) systems

[Ref.3], along with the present dat̂ . for the BaF2-, and PbF2-based

systems.

The reported data approach the expected slope of 0.434/kT, in

contrast with the data reported by Fedorov et al. [1] which exhibit

a slope of 0.75 * (0.434/kT). This latter corresponds to an in-

crease of the pre-exponential factor with activation enthalpy known

as the compensation law [26]- It should be stressed, that Fedorov

et al. [1] have employed conductivity data from regions II and III

to construct the conductivity vs enthalpy isotherms. The EIM model,

however, is only valid in region III. The present data, while fol-

lowing the general tendency, deviate slightly from the isotherms.

This can be accounted for by a decrease of AH with increasing
m

solute content [4].

Both a.c. ionic conductivity studies at high temperatures, and

Ionic Thermocurrent studies at low temperatures have been utilized

to design models for the charge transport in these concentrated

fluoride-excess solid solutions.

It has been shown by Wapenaar [17], that the low-temperature

ionic conductivity of Bai-xLaxF2+x as calculated from thermally

stimulated polarization current spectra extrapolate to the high-

temperature ionic conductivity measured directly by using impedance

spectroscopy. For the present Ba1_xUxF2+2x data it can easily be
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Figure 9
Plot of the dependence of log oT on AH

for x Ba1_xUxF2+2x. o Bai_xLaxF2+x [A], A Pb1_xUxF2+2x'
and r C3l_xYxF2+x [25].
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Figure 10

The AH a T S D C , as calculated from TSDC data compared with AH,j>con<j

from ionic conductivity measurements.
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shown that the low-temperature relaxation of macroscopic space-

charge can also be related to the high-temperature ionic conductiv-

ity. The relaxation of macroscopic space charge is related to the

ionic conductivity via the Equation [27]:

AH AH

where b represents the heating rate of the TSDC measurement, T is

the maximum temperature of the space-charge peak, and A is the pre-

exponential factor of Equation (3). AH0 represents the conductivity

activation enthalpy. The dielectric constants e are unknown for

Bal-x^xF2+2x> f°r ^al-xLax^2+x s°lid solutions values for e have

been reported [28]. If a similar concentration dependence of e is

assumed for Baj_xUxF2+2x» use of Equation (4) is possible.

For the present BaF2~based solid solutions AHp ^SÜC v a l u e s a s

calculated from Tffl data at low temperatures, equal AHJJ data cal-

culated from high-temperature ionic conductivity data. A plot of

AHQ coruj vs AHQ TSDC •'•
S Presented in Figure 10. Hence, conduction

models based on relaxation of macroscopic space charge and on a.c.

ionic conductivity can be directly compared.

5. CONCLUSIONS

The isothermal ionic conductivity of Bai-xUxF2+2x
 soli^ solu-

tions increases by several orders of magnitude with increasing

solute content, whereas the value of AHa decreases. These results

can be successfully discussed in terms of models presented before.

The solid solution series Baj_xUxF2+2x is unique in view of the

predominance of one single type of defect, viz. the 212-cluster,

throughout the whole fluorite-structured concentration region.
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CHAPTER III

THE FARADAY TRANSITION IN FLUORITES ^i-x

(M = Ca, Sr, Ba and Pb)

STUDIED BY IONIC CONDUCTIVITY AND SPECIFIC HEAT MEASUREMENTS

ABSTRACT

The effect of an anion excess on the diffuse phase transition,

and the specific heat anomaly of single crystals of the fluorite-

type solid solutions M1_XUXF2+2X (M = Ca, Sr, Ba and Pb) has been

studied with impedance spectroscopy and calorimetric measurements.

The temperature Tc of the diffuse phase, or Faraday transition as

obtained from ionic conductivity, is strongly depressed by the UF^

content. For Pbi-x
uxF2+2x s0-*-^ solutions detailed calorimetric

data have been obtained. For x from 0 to 0.1 the enthalpy of the

diffuse transition decreases more than an order of magnitude. The

influence of defect clusters on the conductivity and specific heat

anomaly is discussed with regard to these anomalies in nominally

pure fluorites.

1. INTRODUCTION

At temperatures of about 0.8 Tm, where Tm is the melting tem-

perature, nominally pure alkaline earth fluorides and lead fluoride

exhibit a Schottky-type anomaly in the specific heat Cp [1]. The

diffuse phase transition takes place over a temperature range of
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about 100 degrees and enthalpies of the transition are found in the

range 0.1 to 0.2 eV. These values represent only a minor fraction

of the Frenkel enthalpies for the thermal generation of isolated

defects i2j. This indicates that contrary to expectation the tran-

sition cannot be related to a co-operative transition from a state

with few Frenkel defects to a more or less disordered state.

However, it can be argued that defect interactions will reduce the

effective Frenkel defect formation enthalpy. Lattice-energy calcu-

lations reveal a reduction of about 1 eV in the limiting case of

full occupancy of the interstitial sites, the reduction arising

largely from the Coulombic interaction between the oppositely

charged defects [2]. Frenkel enthalpies for full interstitial oc-

cupancy in alkaline earth fluorides are ~ 1.5 eV [2]. The calori-

metric measurements point therefore to a limited defect density in

fluorites at high temperatures, i.e. no more than ~ 10 mole percent

(m/o).

The diffuse phase transition is accompanied by practically

temperature independent liquid-like ionic conductivities. Both

ionic conductivity data [3], and molecular dynamics simulations of

the high-temperature ionic conductivity of fluorites indicate un-

correlated defect-type diffusion. Moreover, it is shown that

liquid-like diffusion constants do not necessarily imply liquid-

like structural properties [2-4]. In fact, ionic conductivity

studies reveal concentrations of no more than ~ 2 m/o free inter-

stitials at the transition temperature Tc [5].

Several thermodynamic models for the specific heat anomaly

have been discussed [6,7]. These incorporate a concentration depen-

dence of the Frenkel defect formation enthalpy, such that the

lowering is taken to be linear in the defect concentration. The

importance of the Coulombic interactions must mean that the leading

term is in the square root of this concentration [8]. It is found

that in order to obtain satisfactory agreement between calculated

and measured defect concentrations and specific heats [7] , it is

necessary to presume Frenkel defect formation entropies that are in
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serious disagreement with values obtained from most ionic conduc-

tivity studies on fluorites. Rare-earth (III) dopants form defect

complexes in fluorites. Interactions between rare-earth dopant com-

plexes and thermally generated fluoride interstitials also reduce

the effective Frenkel formation enthalpy, and hence the transition

temperature Tc, because thermal defect densities of about 10 m/o

are reached at lower temperatures. The question, therefore, arises

whether fluorite-type solid solutions can indeed further accommo-

date large thermal defect densities. Moreover, it will be shown in

this Chapter that the specific heat anomaly vanishes in the con-

centrated f luorite-type solid solution Pbg <JUQ JF2 2' '^le i o n i c

conductivity of Mj_xuxF2+2x (
M = Ba> p b) solid solutions is dis-

cussed in detail in Chapter II of this thesis.

In this Chapter we present a detailed study of the influence

of the UF^ dopant on the transition temperature Tc of CaF2, SrF2,

BaFo and p-PbF2, as found in high temperature ionic conductivity

studies. We have determined the composition dependence of the en-

thalpy of the diffuse phase transition in ^^i-x^x^2+2x' ^
n e r e s u l t s

will be discussed in relation with the disorder and structural

properties.

2. EXPERIMENTAL ASPECTS

Single crystals of M1_xUxF2+2x (M = Ca, Sr, Ba and Pb) have

been grown in dry nitrogen ambient by a modified Bridgman-

Stockbarger technique using high-purity graphite crucibles, and a

radio-frequency induction furnace. For the alkaline-earth fluoride

based solid solutions PbF2 was used as a scavenger for residual

oxygen and water vapor. A detailed description of the growth method

and characterization has been presented in Chapter I of this

thesis.

The determination of bulk ionic conductivities using impedance
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spectroscopy in the frequency range 1 x 10""̂  to 1 x 10" Hz with a

frequency response analyzer has been described in Chapter II. The

heat capacity measurements were performed on a Setaram DSC III cs.

The samples (~ 1 g) were sealed in quartz containers under nitrogen

gas with a pressure of 6 * J0 Pa. The scanning speed was 5 K/min.

Repeated scans proved the rirproducibility of the measurements to be

excellent. The measuring accuracy was better than 2 %. Corrections

were made for variations in weight of the quartz containers. Mea-

surements on a sapphire crystal were used to correct for variations

in the baseline.

3. RESULTS

The high temperature ijnic conductivity of the fluorite-type

solid solutions Bai-xUxF2+2x (0 < x < 0.168) is shown in Figure 1.

The data reveal the transition temperature Tc to decrease with in-

creasing solute content. Hers the transition temperature is defined

as the temperature at which a negative deviation from Arrhenius

behavior occurs, i.e. the transition to the liquid-like conduction

state, often referred to as the Faraday transition. The dependence

of the transition temperature Tc on solute content UF4 is presented

in Figure 2 for all Bai-x^x
ir2+2x coropositi0118 studied here. The

decrease in Tc amounts to over 400 degrees for x = 0.211. The high

temperature ionic conductivity of the solid solutions P^j_xUxF2^.2x

(x < 0.10) is shown in Figure 3 and reveals also a decrease of Tc

with x. The molar heat capacity of pbi-xlJxF2+2x solid solutions at

constant pressure is presented in Figure 4 as a function of temper-

ature. The temperature T^ of the maximum of the specific heat ano-

maly shifts to lower temperatures, whereas the diffuse transition

enthalpy AH^ decreases with increasing solute content. Figure 5

presents the dependence of T^ and Tc on the fluoride excess in

Thermodynamic data for the diffuse transition in the
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130

Figure 1
The temperature dependence of the ionic conductivity

of Bai_xUxF2+2x solid solutions, plotted as logcrT vs 10 /T.
Temperature region 755 - 1275 K. (a) x = 0; (b) x = 0.009;

(c) x = 0.015; (d) x = 0.054; (e) x = 0.072;
(f) x = 0.113; (g) x = 0.139;

(h) x = 0.168.
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The temperature dependence of the ionic conductivity of
pbl-xuxF2+2x s o l i d solutions, plotted as logöT vs 105/T.

Temperature region 550 - 835 K.
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The dependence of T^ and Tc on the fluoride excess (2x)

in Pb1_xUxF2+2x.
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Table I

Thermodynamic data for the diffuse phase transition

in Pb1_xUxF2+2x

Pbl-xUxF2+2x
x(m/o)

0

0.1

1.0

1.5

2.0

5.0

10.0

AtiK
(kj/mol)

4.61, 8.78*

4.94

4.10

3.56

3.23

1.84

0.4

\
(K)

722

723

721

717

715

686

680

Tc
(K)

725

720

-

700

-

685

670

Different p—PbF2 batches, with different remaining

impurity contents.

2x solid solutions are gathered in Table I.

The temperature and composition dependence of the ionic con-

ductivity of the solid solutions ^ai~^\>x^Z+2K
 a n a Srl-xUxF2+2x

resemble closely that presented in Figure 1 for the BaF2~based

solid solutions. Instead of presenting the Arrhenius plots we

compare in Table II conductivity activation enthalpies and transi-

tion temperatures Tc for Mi_xlIxF2+2x (
M = Ca> Sr» B a a n d p b ) w i t h

x = 0 and x = 0.05.

The variation of the extrinsic conductivity enthalpy AH with

the concentration of excess fluoride ions is given in Figure 6 for

Data for Ba 1_ xLa xF2 + x [9] have been included for
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Table II

Conductivity activation enthalpies AI^. and

transition temperatures Tc for Mi-xUxF2+2x

and with the decrease ATC for x = 0.05

Fluorite

|3-PbF2

pb0.95u0.05F2.

BaF2

BaO.95UO.05F2.

CaF2

CaO.95UO.O5F2.

SrF2

SrO.95uO.O5F2.

1

1

1

1

AH

(eV)

0.70

0.48

1.35

0.72

2.20

0.86

2.04

0.96

Tc
(K)

725

685

1250

975

1450

1050

1480

1030

ATC

(K)

40

-

275

-

400

-

450

comparison. The data in Figure 6 extrapolate to the value 0.72 eV

at x = 0, and this value represents the migration enthalpy of fluo-

ride interstitials in nominally pure BaF2 [9]. It can be concluded

from the data in Figure 6, that Enhanced Ionic Motion occurs in

Ba 1_ xLa xF 2 + x for x>0.05, and in Ba 1_ xU xF 2 + 2 x for 0.05 < x < 0.13.

In the EIM regime the tetravalent dopant exerts a more pronounced

influence on the conductivity and the activation enchalpy than the

trivalent dopant.
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Figure 6

The dependence of the conductivity activation enthalpy AH

on the fluoride excess (m/o) in Ba 1_ xU xF 2 + 2 x and Ba 1_ xLa xF 2 + x [9]

4. DISCUSSION

The Faraday transition temperature T c of the present solid

solutions Mi_xUxF2+2x is depressed substantially. With regard to

the AT values presented in Table II, we notice a tendency for the

depression to decrease with increasing polarizability [10] of the

host lattice cation. A host lattice cation size effect is not ap-

parent. However, the data in Figure 6 reveal the more pronounced

effects on conductivity parameters to occur upon doping with a

tetravalent dopant, and this is also reflected in a larger depres-

sion of T c. Catlow et al. [11,12] have observed AT C to be about

200 degrees for CaQ^glY0.09F2.09> w"il e w e observe for approximate-
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ly the same fluoride excess, i.e. for Cag 95UQ 05^2 1» ^^c t o ^e

about 400 degrees (see Table II).

The Faraday transition has been explained in terms of a criti-

cal defect concentration [2] or a critical defect mobility [3]. For

doped fluorites, interactions between defect complexes and thermal-

ly generated fluoride interstitials reduce the anion Frenkel en-

thalpy. This leads to higher defect densities, which is equivalent

with a depression of Tc, if the transition is to be related to a

critical defect concentration.

Several experimental observations seem to be in conflict with

this model. For instance, the model assumes implicitly considerable

thermal stability of impurity defect complexes. Recent conductivity

studies on Ca1_xYxF2+x [13] up to 1100 K indicate scavenged fluo-

ride interstitials to dissociate from impurity defect complexes at

temperatures well below Tc. The microwave conductivity of nominally

pure SrCl2 at 1000 K (= Tc) equals that of SrQ>9^2^0.088
(^-'-2.088 a t

880 K (= T„) [12]. The same holds approximately true for the

present anion-excess solid solutions. This in turn means that

either the critical vacancy concentration has to increase with

decreasing Tc to compensate for the lower defect mobility values,

or that the mobility of the defects has to increase substantially

with increasing solute content.

A comparison between the Frenkel defect enthalpy for full

occupancy (~ 1.5 eV), and the enthalpy AH^ of the diffuse transi-

tion (~ 0.10 eV) for nominally pure fluorites reveals that only a

few percent of thermal defects is involved in the specific heat

anomaly. The specific heat measurements on ^1-^^2+lx r e v e al

clearly that AH^ decreases with increasing UF^ content, indicating

that the thermal defect density involved in the diffuse transition

decreases with x in pbj_xUxF2+2X'

The alternative, a critical mobility at T , is a natural con-

sequence of the observation that the extrinsic conductivities of

the concentrated solid solutions Mi_xUxF2+2x can be described by

the Enhanced Ionic Motion model (Figure 6). In this model [9,14]
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the mobility of a small and solute independent number of fluoride

interstitials (~ 1 m/o) is determined by a distribution in the jump

enthalpies, arising from the perturbations of the saddle point for

interstitialcy migration by extended impurity defect complexes.

With a Gaussian distribution function the conductivity equation

reads for the extrinsic regime

where p stands for the width of the interaction energy distribution

function and AH for the average activation enthalpy f 14]. With the
m

critical mobility constraint Wapenaar and Schoonman have estimated

from extrinsic conductivity data using Equation (1) the critical

temperature values 1015 K, and 885 K for Bao,79Lao,2lF2.21 anc*

B a0 89^0 iiF2 22' respectively [14]. The present high-temperature

data for Ba^ QU7UQ 113F9 226 lead to the experimental value of

870 K for Tc in encouraging agreement with the calculated value of

885 K from low-temperature conductivity data for a solid solution

Ba^_xUxF2+2x °^ practically the same composition. For solid solu-

tions Mi- xLa xF2+ x and Mi-x^xF2+2x containing t n e same amount of

anion excess, the EIM model can account for the stronger depression

of Tc by the tetravalent dopant. Another consequence is that within

a solid solution series the ratio between the conductivity activa-

tion enthalpies (AH - p^/2kT) [compare Equation (1)] equals the

m

ratio between concomitant T c values. A comparison of Figures 2 and

6 shows that this statement is correct.

It should be noted that enhanced ionic motion is observed for

0.05 < x < 0.13 in Ba 1_ xU xF 2 +2 x solid solutions. For x < 0.05 a

change-over occurs from conductivity in an association region at

low solute content to the free-defect conductivity in the con-

centrated region. The reduction of the degree of association upon

increasing UF4 content can be described by the Debye-Hückel-Lidiard
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theory [15]. Upon increasing the UF^ content in this association

region, the effects are a decrease of the association enthalpy AHa,

and an increase of the free interstitial fluoride ion concentra-

tion, leading to a substantial increase in the ionic conductivity.

In the limit of this description (AH = 0) a percolation mechanism

of the type proposed for Bai_xLaxF2+x solid solutions involving

simple associates [9] will occur. A detailed discussion of the

ionic conductivity of Mi_x^x
F2+2x (M = Ba, Pb) solid solutions can

be found in Chapter II of this thesis.

Binding energies have been calculated relative to the isolated

defects for (U^F^)* with F^' in nearest-neighbor (nn), and next-

nearest-neighbor (nnn) position, or relative to the most stable

smaller complexes for linear (FJUMFJ) X nn- and nnn-complexes, and

for L-shaped (UM 2F i)
x. Only nnn (FiUMFi)

x was found to be unstable

relative to nnn ( U ^ ) ' and F^ in Ca1_xUxF2+2x [16]. All

other complexes are stable. A neutron scattering study on

Ba0.846u0 154F2.308 [Wl reveals the presence of 212-clusters,

which have been proposed before [16]. A more detailed neutron scat-

tering study of Bai-xUxF2+2x
 so^^ solutions shows the 212-cluster

to be the dominant type of defect for 0.02 < x < 0.154 (see Chapter

V of this thesis). Thermally Stimulated Depolarization Current

(TSDC) measurements on Bai-XUXF2+2X
 f o r 7'7 x 10~5 < x < 0.168

confirm the presence of 212-clusters in the entire concentration

domain studied (Chapter IV of this thesis).

It is apparent that due to the reduction in AH the extrinsic

fluoride interstitital concentration can increase to ~ 1 m/o in the

limit of AHa = 0 at the onset of the enhanced ionic motion regime.

Earlier studies on a variety of fluorite-type solid solutions

[Refs.9,18,19] have shown this concentration of free defects to

occur in all concentrated solid solutions based on MF2 for which

the EIM model applies.

The upward curvature at high temperatures and below Tc

(compare Figure 1), can be caused by a limited dissociation of

fluoride interstitials from extended defect clusters [13]. More-
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over, a change in defect structure without dissociation could

affect the mobility, and hence account for an upward curvature.

This combination has been observed in neutron scattering experi-

ments, ionic conductivity, and calorimetric measurements on

concentrated Bai_xLaxF2+x [20,21]. In the region below Tc the

conductivity Arrhenius plot of these solid solutions reveals an up-

ward curvature comparable to that in Figure 1 for ^ai-x^v^2+2x»

while the specific heat measurements reveal the onset of the

anomaly to be in this region [21]. Due to the low values of AH^ a

substantial increase in defect density can be excluded in both

types of solid solutions.

The conductivity data do not support the high defect densities

required in thermodynamic models to mimic the observed specific

heat anomaly in nominally pure fluorites [7]. The phenomenological

models all include a concentration dependence of the anion Frenkei

enthalpy to account for defect interactions. The precise form of

the defect interaction terms determines the ultimate defect density

involved in model calculations which fit experimental C data.

It must be stressed that the conductivity data are manifest

for free mobile defect densities, and that high-temperature thermal

disorder may include dynamical defect structures, which cannot

participate in conduction processes. These defect structures need

to be considered in a specific heat anomaly. This in turn could

mean that Tc needs not be equal to T^, a tendency observed for

BaF2~based solid solutions [5]. The small ATC values for PbF2~
based

solid solutions preclude a detailed cor. parison between Tc and T^.

Dynamical disorder has been observed in quasi-elastic diffuse

neutron scattering from nominally pure CaF2 and PbF2 around and

beyond Tc [22]. The data show that clusters containing a Frenkei

pair, similar to the 222-cluster without dopant ions, are predomi-

nant in an instantaneous picture of the anion disorder in the fluo-

rites. The average cluster life time is about 10"^ s, which is

longer than a typical phonon vibration period. For PbF2 at 678 K on

the average 20 % of the anions are displaced from their regular

72



sites through the formation of Frenkel pairs which induce relaxa-

tions of lattice fluorite ions in the [111] direction [22]. It may

be anticipated that this number will decrease substantially in

concentrated solid solutions, because of the presence of extended

defect clusters stabilized by impurity-interstitial interactions.

As a consequence AH^ will decrease.

Structure refinements of PbF2 including anharmonic temperature

factors [23] indicate that indeed at Tc only a few percent of fluo-

ride ion vacancies are involved in the conduction process.

5. CONCLUSIONS

For the solid solutions Bai-xUx
ir2+2x anc* Bal-xIjaxF2+x t'le

depression of T with increasing dopant concentration can be

successfully explained using the EIM model on ionic conductivity

results at lower temperatures.

The decrease of the enthalpy of the specific heat anomaly with

increasing solute content in Pb 1_ xU xF2+2 x
 s ° H d solutions shows

that the presence of defect clusters in the lattice limits the

number of thermal defects generated in the high temperature transi-

tion. The amount of thermally generated disorder decreases there-

fore substantially upon doping with U F ^
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CHAPTER IV

THERMALLY STIMULATED DEPOLARIZATION CURRENT MEASUREMENTS

ON Bai_xLaxF2+x
 a n d Bal-xUxF2+2x S 0 L I D SOLUTIONS

ABSTRACT

The fluorite-type solid solutions Bal-x^ax^2+x

Ba^_xUxF2+2x
 w e r e studied with the Thermally Stimulated Depolariza-

tion Current technique. From 10 to 40U K the TSDC scans showed four

dipolar reorientation peaks to be present in Baj_xLaxF2+x>
 and

seven in Bai-x
u
x
F2+2x» each scan also showed the relaxation peak

due to macroscopic space-charge. An assignment of these peaks is

made using the defect structure of the solid solutions as derived

from neutron scattering results.

The depolarization steps that cause low-temperature reorienta-

tion peaks at 21 K for Ba1_xLaxF2+x and at 29.5 K for Bai_x
u
x
F2+2x

are ascribed to 222-clusters, and 212-clusters, respectively. A

discussion of the present theories on depolarization current peaks

and space charge peaks is also presented.

1. INTRODUCTION

The Thermally Stimulated Depolarization Current (TSDC) tech-

nique is a very sensitive method for the study of dipolar relaxa-

tions in ionic crystals. The technique has been widely employed to

investigate and to characterize relaxations of bound interstitial
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fluoride ions in fluorite-type solid solutions of alkaline-earth

fluorides and trivalent metal fluorides [1-4]. In dilute solid

solutions simple dipoles are formed between a trivalent dopant

cation and ?n interstitial fluoride ion in an adjacent empty cube

center. The dipole with the fluoride interstitial in a nearest

neighbor (nn) position has tetragonal symmetry, while the dipole

with the fluoride interstitial in a next-nearest neighbor (nnn)

position has trigonal symmetry. With increasing dopant content

several solid solutions reveal the formation of more complex ar-

rangements of dopant ions and fluoride ion interstitials [5]. For

example a TSDC peak at 110 K for Bai_xLaxF2+x solid solutions has

been attributed to the presence of an L-shaped complex, comprising

an nn dipole which has trapped an additional fluoride interstitial

ion [6] .

Dielectric Loss (DL) measurements on MF, (M = Ca, Sr and Ba)

doped with MeFj (Me = La-Lu) have been performed by Andeen et al.

[7]. At very low temperatures these measurements reveal dielectric

loss peaks for a number of solid solutions which are ascribed to

defect clusters, formed by two trivalent dopant cations, two fluo-

ride ion interstitials, and two relaxed lattice fluoride ions, the

well-known 222-clusters.

Usually TSDC measurements are performed starting at Liquid

Nitrogen Temperature (LNT). Extended and polarizable defect clus-

ters are expected to reorient well below LNT. Therefore, we have

performed TSDC measurements starting at Liquid Helium Temperature

(LHeT) to be able to study the low activation enthalpy relaxations

of defect clusters in detail. A specially designed cryostat has

recently become available [8].

In this Chapter we report detailed results on relaxations of

defect clusters in the fluorite-type solid solutions Baj_xLaxF2-fx

and Baj_xUxF2+2x
 i n t n e temperature range 10 to 400 K.

Besides the relaxation of bound interstitials, another impor-

tant feature which may show up in a TSDC scan is the relaxation of

macroscopic space charge. This usually large relaxation peak is
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caused by the diffusion of free charge carriers. For the solid

solutions studied here, the position of this peak, is found to shift

to lower temperatures with increasing solute content. This is to be

related to a decrease of the migration enthalpy of the free fluori-

de ion interstitials. As this migration enthalpy can be derived di-

rectly from ionic conductivity measurements [9], a comparison and a

discussion of the results will be presented.

2. EXPERIMENTAL ASPECTS

Single crystalline slabs of the solid solutions Ba,__,La F

(x = 0.0099, and 0.133), and Ba1_xUxF2+2x (7.7 x 1O~
5 « x < 0.168)

with a surface area of about 5 x 10~5 m2, and a thickness of typi-

cally 1.0 x 10 m were used in the experiments. The preparation

and characterization of these crystals have been described before

[Ref.10,11]. The single crystals were cleaved along the [lllj-plane

to ensure a reproducible polarization direction and to avoid noise

signals, which are commonly observed in polished samples. Randomly

oriented slabs with polished surfaces were found to increase the

background noise level of the TSDC measurements with about one or-

der of magnitude. Neutron diffraction studies on the samples

[12,13] were used to determine the orientation of the cleavage

planes.

The single crystal slabs were inserted in a helium cryost£.c

between polished sapphire disks with a surface area of about

1.0 x 10 m , and a thickness of 6.0 x 10~^ m. By doing so, com-

plete blocking of both ionic and electric current is achieved. A

detailed description of the cryostat has been published by Roos and

Keijzer [8]. The samples were polarized in an electric field of

3.0 x io^ V/m at a constant polarization temperature T for about

25 minutes by a stable dc voltage power supply (Oltronix N176).

An increase of the polarization field E^ did not ch?nge the
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polarization peak sizes, indicating the extent of polarization to

be almost complete.

After polarization the samples were cooled in about 40 minutes

to liquid helium temperature. At this starting temperature T Q, the

field was switched off, and a Cary 401 electrometer was shunted

into the circuit. The current level was allowed to stabilize at

about 1.0 x 10"I-" A in approximately 30 minutes, before starting a

linear increase of the temperature. A linear heating rate is a pre-

requisite for the reliable determination of the kinetic parameters,

and was achieved using a digital temperature controller DTC 2

(Oxford Instruments), and a linearized sweep unit (Oxford

Instruments, type E). However, in the low-current modes the res-

ponse time of the electrometer becomes relatively long.

Therefore, the heating rate used in our TSDC measurements

(0.03472 K/s) was a carefully chosen compromise. A faster heating

rate would increase peak sizes, while the slow response of the

electrometer would influence the shape of the depolarization peaks.

A slower heating rate would decrease the peak sizes, and hence in-

crease the relative noise level of the measurements. During the

measurements the background current level was stable at about

I x 1 O ~ " A. The noise level was equal to the measuring accuracy of

the Cary electrometer at about 5 x 10~* A.

The current-temperature scan was recorded on a Hewlett and

Packard 7045B x-y recorder. Analysis of the results was performed

by determining the kinetic parameters of the relaxation peaks by

computer fitting the data to theoretical current equations as de-

scribed in the next Section.

3. THEORY

The Thermally Stimulated Depolarization Current (TSDC) tech-

nique, often referred to as Ionic Thermal Current (ITC) technique,
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has been introduced in 1964 by Bucci and Fieschi [14]. They derived

a set of equations describing the depolarization current due to re-

orienting non-interacting dipoles in an ionic crystal, when heated

with a linear heating rate after having been polarized, and cooled

down to liquid nitrogen temperature.

A depolarization current peak was found to depend on the re-

laxation parameters AE 'the activation energy foi reorientation),

t0 (the inverse of the characteristic frequency factor for the

jump), NQ (the number of dipoles per m ), and \i (the dipole moment

of the dipole). When a sample ie polarized at a temperature T , and

a linear heating rate b is maintained during the measurement, Bucci

and Fieschi reported the current density at a temperature T to be:

ri
p o

where E is the externally applied polarization field, s is a

structure-dependent scaling factor (s = 1/3 for fluorites), and k

is the Boltzmann constant.

This Equation has been used to fit our experimental data in

order to obtain the dipolar relaxation parameters. However, it is

found that only for the lowest dopant level (x = 7.7 x 10 ) a rea-

sonable fit is obtained. At higher values of x, a measured reorien-

tation peak is much broader than the best fitted theoretical peak

(see Figure 1). It has been reported by Shelley and Miller [15],

and by Van Weperen et al. [16] that peak broadening with increasing

dopant concentration can be ascribed to a reorientation activation

enthalpy which has not a single value, but instead has a Gaussian

distribution around a value AE0 as a result of interactions with

surrounding dipoles. The current density equation at a temperature

T will then become:

80



e x p (
p o 7̂

2a

) e x p
( }

e x p [ - b T o ^ e x p ( # > d T ' ] d A E

o

(2)

where a is the width of the energy distribution. Using this Equa-

tion the results of our measurements could be fitted, yielding ac-

ceptable relaxation parameters. A fit result is shown in Figure lb.

However, the shape of a depolarization peak may also be influenced

by a number of other parameters, such as a non-homogeneous dopant

distribution throughout the sample, and a partial shielding of the

external polarizing field due to the migration of free charge car-
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Figure 1

The results of computer fitting of a TSDC relaxation peak of
BaO.97^0.O3F2.O6 usi-nS a single activation energy (a)

and a Gaussian distribution of activation energies (b).
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The migration of the free ionic charge carriers towards the

blocking electrodes causes a large TSbC peak to appear. The activa-

tion enthalpy for migration of fluoride interstitials as found in

ionic conductivity measurements has been reported by Wang and

Nowick [17] to be related to the maximum temperature Tm of the

space-charge peak according to the following Equation:

AH . AH

where AH0 is the migration enthalpy of fluoride interstitials fiom

ionic conduction, A the pre-exponential factor of the conductivity

Arrhenius equation, b the heating rate of the TSDC measurement, and

k, e, and eQ have their usual meanings. A comparison of AHQ calcu-

lated from this Equation with the observed values of Tm, and AHQ

from ionic conductivity measurements on Bai-xllxF2+2x solid solu-

tions [9] is presented in Section 4.4.

4. RESULTS AND DISCUSSION

The TSDC scans of two solid solui_ions of Baj_xLaxF2+x and of

Ba, XUXF2+2X
 a r e shown in Figures 2 and 3, respectively. The relax-

ation parameters AE, T Q and a for a number of samples are presented

in Table I. The solute content of the Bai_xLaxF2+x samples was

determined by neutron activation analysis [10], and of the
Bal-xfxF2+2x solid solutions by X-ray diffraction and X-ray fluo-

rescence [11].
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Figure 2
TSDC scans of Ba1_xLaxF2+x solid solutions

with x = 0.0099 and 0.133.
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84



of a)

Table I

Reorientation peak parameters

and b) ̂ ai--x^
a
K
F2+x s°l i d solutions

a) Ba1_xUxF1_ xU xF 2 + 2 x

Vax
IK]

E a t(-

[eV] [eV] [s]
f i t

LKJ

0.0001 29.7 2.75xl0~12 0.0896 0.0014 8.OIO"14

0.009 29.7 2.07X10"11 0.0905 0.0027 9.5xlO~14

0.03 29.7 4.88xI0~12 0.0896 0.0047 8.0xl0~14

0.055 29.7 9.53xlO~12 0.0894 0.0089 8.0xl0~14

0.009 54.3 4.25xlO~13 0.170 0.0021 4.2xlO~14

0.055 75.0 4.77xlO~13 0.220 0.0138 4.2xl0~13

0.009 119.0 1.02xl0"12 0.379 0.0027 3.0xl0~14

0.009 155.0 1.07xl0"12 0.508 0.0152 Ï.CXIO"14

29.7

29.7

29.7

29.7

54.4

75.5

119.7

154.3

II

II

II

II

III

IV

VI

VII

b)

Tnax

[K]

E

[eV]

s

[eV] [s]
^max.fit

fK]

0.010 117.7 1.34xlO"12 0.2825 0.0020 1.2xlO~10

0.133 21.0 3.87x10'" 1 1 0.0623 0.0145 1.0x10'~ 1 3

117.5

21.0

v-
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4.1. REORIENTATION PROCESSES

4.1.1.

Single crystals of the solid solutions Ba^-xLaxF2+x w i t n l°w

solute content (1.0 * 10~* < x < 1.0 x 10~2) have been studied by

Laredo et al. [2] using the TSDC technique. In the covered tem-

perature range 120 to 300 K two relaxation peaks at 141 and 195 K

were ascribed to the reorientation of nn-dipoles and nnn-dipoles,

respectively. The size of both peaks depends strongly on the ther-

mal history of the sample. It was, therefore, suggested that an-

nealing of the crystals at 1250 K induced the formation of larger

non-polarizable defects, thereby decreasing the concentration of

nn- and nnn-dipoles. A more recent TSDC study of Baj_xLaxF2+x solid

solutions with dopant concentrations up to the solubility limit of

LaF3 (~ 50 m/o) in BaF2> has been reported by Wapenaar et al. [6].

This study covered the temperature range from 100 to 320 K. In

Ba0 99ni^aQ 0099F2 0099' t n e nn~ an^ nnn~dipole reorientation peaks

.iave been found, along with a reorientation peak ascribed to a

L-shaped (Laga2F^)' complex, comprising a nn-dipole with a scaven-

ged fluoride ion interstitial.

The TSDC measurements presented in this Chapter cover the

temperature range 10 to 400 K. For the solid solution

Ba0.9901^0.0099^2.0099 t n e TSDC scan shows all three relaxation

peaks mentioned above, as well as tt space-charge reorientation

peak (see Figure 2). An entirely different TSDC spectrum is ob-

tained for the heavily-doped solid solution Bag g^Lag 133F7 133'

in which a large reorientation peak around 21 K is the most promi-

nent feature. A different TSDC result suggests a different defect

structure. A neutron éicattering study of Bai_xLaxF2+x solid solu-

tions with x = 0.209 and 0.492 has been published [12]. This de-

scribes the presence of 222-clusters. The structure of a 222-clus-

ter is shown in Figure 4. A possible reorientation mechanism in a

222-cluster has been proposed by Jacobs and Ong [3] in their TSDC-



Figure 4
A 222-cluster in Baj_xLaxF2+x solid solutions.

study of Ca^_xYxF2+x solid solutions. By this mechanism the polar-

izing step is a shift of the relaxed lattice fluoride ions above

and below the plane of the cluster from a 'trans' to a 'cis' con-

figuration. The depolarization step, which shows up in a TSDC mea-

surement, will be a 'cis' to 'trans' relaxation. In the paper by

Jacobs and Ong, the computed activation energy of this relaxation

is reported to be 0.62 eV. This value seems rather high, since the

depolarization path will lead a negatively charged fluoride inter-
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stitial through an effectively positive vacant anion site to an

empty interstitial site (see Figure 5a).

In the solid solutions Baj_xLaxF2+x a similar (de)polarization

step in a 222-cluster can proceed almost unhindered. A small acti-

vation energy is to be expected for this solid solution, because

there is enough free space within the structure to perform this

(de)polarization step in the 222-clusters without shifting adjacent

lattice ions from their sites, in contrast with the situation in

the Caj_xYxF2+x solid solutions, as is indicated in Figure 5.

Therefore, the TSDC peak at 21 K, whicli is observed for the

^a0 867^a0 133^2 133 sample, is ascribed to a reorientation, as

depicted in Figure 5b. The defect structure of Ba1_xLaxF2+:_ solid

(a) F 2 + x (to

Figure 5
A reorientation step in a 222-cluster

in Ca1_xYxF24? (a) and f-.. B a ^ L a ^ + x (b).
Only the [110] plane is shown. Open circles present F ions.
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solutions with K i 0.01 comprises nn-dipoles, nnn-dipoles, and L-

shaped (Lag^F^1 complexes [6]. At dopant concentrations above

x = 0.05 the presence of 222-clusters has been reported [12]. It

takes two adjacent Laja ions to form 222-clusters. Therefore, it is

not likely for such clusters to be present at low dopant levels.

The absence of the reorientation peak at 21 K in the TSDC scan of
Ba0.99Ija0.01F2.01 suPPorts this view. Additional evidence for the

absence of 222-clusters in Baj_xLaxF1+x solid solutions at low dop-

ant levels has been reported by Andeen et al. [7]. These authors

performed a.c. dielectric loss measurements on MF2 (M = Ca, Sr, and

Ba) doped with MeF3 (Me = La - Lu). For a number of these solid

solutions, low-temperature peaks were observed, which have been

ascribed to defect clusters. For Bai-xL
axF2+x solid solutions with

low solute content, these low temperature peaks were absent.

4.1.2. Bai_xU

The TSDC scans of Bai-x
üxF2+2x solid solutions show a

reorientation peak at 29.5 K. for all compositions with

7.7 x 1O~5 < x < 0.168. For Bao.832uO.168F2.336 t h i s Peak> w i t n i t s

maximum around 29 K, was broadened to such an extent that it was

smeared out between 6 and 60 K and only a small increase in the

current was observed. The presence of this peak in the TSDC scans

suggests defect clusters similar to the 222-cluster to be present

in the lattice. A neutron scattering study of Baj_xUxF2+2x solid

solutions reveals the defect structure to consist mainly of 212-

clusters [13,18]. The*, clusters have a similar anion array as is

found in the 222-clusters with one substitutional U ion and one

regular lattice Ba^+ ion instead of two La 3+ ions, and the relaxed

fluoride ions above a id below the plane in a 'cis' configuration

(Figure 6).

The relaxation peak at 29.5 K in the TSDC scans is presented

for a number of dopant concentrations in Figure 7. This

relaxation peak occurs already in the TSDC result for
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Figure 6
A 212-cluster in Ba]l_xUxF2+2x solid solutions.
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Figure 7
The TSDC reorientation peak at 29.5 K

for Bai_lcUxF2+2x
 s°lid solutions

with differenc dopant concentrations.
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Ba0.999923U0.000077F2.000154' Also in this dilute solid solution

the relaxation can be ascribed to 212-clusters. Because these clus-

ters contain only one dopant cation, they can be formed even at the

lowest dopant levels, provided that the neutral associate (Uga2F^)

is formed. The reorientation step, which is responsible for the

TSDC peak at 29.5 K can be described with two models. The most

plausible explanation seems to be a polarization of the 212-cluster

by shifting both relaxed fluoride ions from the 'cis' configuration i

above and below the U ion to a 'cis' configuration with the in- ;

terstitials above and below the lattice Ba ion, and a depolariza-

tion vice versa. However, another reorientation process, dependent

on the direction of the polarizing electrical field deserves care-

ful consideration. The single crystalline slabs used for the TSDC

measurements, are cleaved along the [lll]-plane, which introduces

the possibility to use a polarizing field along the [TTT]

direction. A polarized state of a 212-cluster with a dipole moment

opposing the electrical field, i.e. in the [111] direction will

therefore be the most favourable configuration.

A stable defect cluster with its dipole moment in this direc-

tion has been proposed for ^i-x^x
F2+2x s o i i d solutions [19]. This

defect cluster, comprising a IP+ ion, three fluoride ion intersti-

tials and one fluoride ion vacancy, i.e. only one relaxed fluoride

lattice ion is called a trimer (see Figure 8). The neutron scatter-

ing data (see Chapter V) reveal this cluster to be absent in our

unpolarized crystals.

A trimer with a dipole moment in the [111] direction can be

formed from 212-clusters with a dipole moment in the [110], [101],

and [Oil] direction in a single step as is shown in reverse in

figure 9a for [111] •+ [110]. This polarization step can be de-

scribed as a back relaxation of one relaxed fluoride ion intersti-

tial below the plane of the 212-cluster to its original lattice

site, and a shift of the other relaxed fluoride ion interstitial

above the plane towards the cube center. All three fluoride ion

interstitials are "^ported to relax to positions between their
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Figure 8

A trimer in Caj_xUxF2+2x solid solutions.

respective cube centers and the fluoride ion vacancy. This together

with the fluoride ion vacancy yields a defect cluster with trigonal

symmetry [19].

In an unpolarized B aj- XU XF2 +2 X sample the 212-clusters are

oriented in twelve different directions, with the two fluoride ion

interstitials in the plane of the cluster pointing at each of the

twelve Ba 2 + ions around a cluster U ion. The dipole moments of

the clusters will be in the [110], and all related directions, such

as the [Oil] direction, the [T01] direction, etc. To polarize a

212-cluster with its dipole moment in the [TTO] direction to a

trimer with its dipole moment in the [111] direction takes three

steps. The subsequent depolarization steps are depicted in Fig. 9.

The last two steps (Figures 9b and 9c) are in fact identical, and

therefore they will have the same activation energy. The first

step, from a trimer with its dipole moment in the [111] direction

to a 212-cluster with its dipole moment in the [110] direction con-

sists of only small and practically unhindered displacements of
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(b)

(101)

(110)

(c)

(101)

Figure 9
The three reorientation steps which depolarize a trimer,

having its dipole moment in the [111] direction, to a 212-cluster
with its dipole moment in the [OTT] direction.
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four fluoride ions. The activation energy for this reorientation

will probably be very low. Therefore, it will not show up as a

distinct relaxation peak in the TSDC scan of a Bai-xUx*
r2+2x samPle>

because this type of depolarization of the trimer will already take

place when the electrical field is switched off at liquid helium

temperature. It can therefore be concluded, that if the polarized

state of a 212-cluster is a tritner, the activation energy for re-

orientation will be less than 0.04 eV.

The reorientation peak at 29.5 K for B ai- XU X
F2+2 X

 so-'-i<' solu-

tions has a computed activation enthalpy of 0.09 eV, and is the

most prominent feature in the TSDC scan, apart from the space-

charge peak. Because the steps as depicted in Figures 9b and 9c

require the same activation enthalpy, they will both contribute to

the depolarization current. Hence the 29.5 K peak is assigned to

this type of 212-cluster reorientations. In Figure 10 a scheme of

all possible polarization steps with AE = 0.09 eV is pictured,

along with the fractions of the total 212-cluster concentration

involved in those steps.

<TÏO>
1110) = DIRECTION OF THE dl POLE MOMENT
— » = POLARIZATION STEP WITH AE=0.09eV

(01Ï) (ÏO1) " " * = POLARIZATION STEP WITH

1 = FRACTION OF (2121-CLUSTERS

INVOLVED IN STEP
\

(10D , , (011)

•/ ^ „ . ^ V
(1101

I01Ï) HOT) —p*(v
8

I

10) <•-; (OiT)
S

IÏÏO)

V
•—-— (TOD

Figure 10

A schematic representation of the polarization steps

for 212-clusters in Ba 1_ xU xF 2 + 2 x solid solutions.
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The activation energy for the reorientation of an L-shaped

(La B a2F i)
1 complex in Bai_x

La
xF2+x

 s0^ic' solutions is reported to

be 0.354 eV [6]. For Bao.99OlLaO 0099F2 0099 w e o b t a i n e d t n e value

0.28 eV from a fit. This L-shaped complex was reported to induce

lattice fluoride ion relaxations similar to a 222-cluster ('trans'-

configuration) [6]. It is, however, plausible to take for these

relaxations those described for the 'cis'-configuration of a 212-

cluster, because this cluster contains also only one single dopant

cation and two fluoride ion interstitials in a L-configuration. A

large difference is noted between the activation enthalpies for re-

orientation of a L-shaped complex (0.28 eV), and of a 212-cluster

(0.09 eV). Although both reorientation pathways are the same, the

smaller size of the V^+ ion (r = 1.00 x 10~^° m) compared to the

size of the La^+ ion (r = 1.160 x 10 m ) , the higher charge on

the U^+ ion and the negative charge of the L-shaped (La g a2F i)'

complex will most probably result in a substantial decrease of the

reorientation energy (ionic radii for eight coordination were taken

from Ref.[20]).

In order to obtain more evidence for the present model, a

neutron scattering study of a polarized Bao.95^O 05^2.10 single

crystal has been performed [13]. In this experiment the crystal is

polarized in an electric field of 5.0 x 10 V/m, and cooled to

liquid helium temperature as in a TSDC experiment. The defect

structure of this polarized solid solution is then determined by

measuring the diffuse scattering between the Bragg reflections in

the (X00)/(0YY)-plane. This pattern is analyzed with a computer

fitting program. At present it has been established that indeed

significant changes occur in the defect structure of

"aO.95'-'o 05^2 10 u P o n polarizing, but further research is being

performed to solve the detailed structure of the polarized 212-

clusters. These investigations are hampered by uncertainty about

the extent of polarization in the examined crystals. If the

polarization of the samples is incomplete, computer fitting of the

neutron scattering results to obtain the structure of a polarized
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212-cluster is not possible. By varying the polarizing electrical

field, attempts are made to determine the precise extent of

polarization.

The TSDC scans of Bai-x
u
x
F2+2x s°licl solutions show six

relaxation peaks in addition to the large peak at 29.5 K, as can be

seen in Figure 2. The positions of the maxima of these peaks, as

well as some fit parameters are gathered in Table I. The relaxation

peak at 29.5 K has been ascribed to the reorientation of 212—

clusters. The assignment of the other peaks in the TSDC scan

requires some more information about possible other complexes and

impurities in the Ba 1_ xU xF 2 + 2 x solid solutions.

In a recent paper the crystal growth and characterization of

these solid solutions have been discussed [11]. It was reported

that during crystal growth reduction of U ions to U^+ ions was

likely to occur to a minor extent, unless elaborate precautions

were taken. With trivalent uranium nn- and nnn- associates (UgaF^)
x

can be formed. In fact the TSDC scan of a BaF2 crystal doped with

UF-j has been measured by Murin and Glumov [4] , reporting the pre-

sence of nn- and nnn-dipoles with reorientation activation enthal-

pies of Ü.39 and 0.55 eV, respectively. The depolarization ac-

tivation enthalpies of the peaks at 119 and 155 K in the present

Bal-xuxF2+2x s o l i d solutions, were found to be 0.38 and 0.51 eV,

respectively. The size of these peaks increases with increasing

solute content, which is concordant with reduction of U ions.

Therefore, we ascribe the peaks at 119 and 155 K to nn- and nnn-

dipole relaxations of (U B aF i)
x associates, respectively. The small

size of these peaks suggests the concentration of U to be of the

order of parts per million.

For the small relaxation peaks numbered I, III, IV and V it

can be noted from Figure 2 that the peak sizes are UF^-concentra-

tion independent. Therefore, they are ascribed to relaxations

around other impurities in the BaF2 host lattice. A few possibili-

ties are the following: (i) during crystal growth [11] an oxygen

contamination is bound to occur since the alkaline-earth fluorides



are known to be highly reactive to oxygen when they are in the

liquid state; (ii) an oxygen scavenger in the form of a few m/o

lead fluoride has been introduced into the growth mixture to reduce

the amount of oxygen and water contamination. It is possible that

several other impurities are introduced in this way. It is clear

that only impurity ions which are able to form some kind of dipoles

in the lattice show up in the TSDC scan.

4.2. PEAK BROADENING OF TSDC REORIENTATION PEAKS

In Section 3 of this Chapter, a Gaussian distribution of

(re)orientation activation enthalpies was introduced to account for

peak broadening effects [16]. This distribution was used in a model

for computer fitting of TSDC-reorientation peaks. This energy dis-

tribution had been proposed in analogy to observed peak broadening

effects due to dipole-dipole interactions and monopole-dipole in-

teractions with increasing dopant concentration (Figures 1 and 7).

In an extremely low-doped BaF2:U crystal the activation

energy of the 212-cluster reorientation is determined only by the

surrounding undisturbed host lattice. Therefore, the activation

enthalpy is expected to be the same for all clusters in the lat-

tice, its value being denoted AE Q. With increasing solute content

the reorientation of a 212-cluster will become more influenced and

eventually hampered by nearby 212-clusters in the lattice. This ef-

fect will increase with increasing UF^ concentration, because the

average distance between 212-clusters decreases.

At moderate doping levels there will exist a range of possible

surroundings for a 212-cluster in the lattice. Each environment

will have a different effect on the reorientation activation ener-

gy. The net result will be a distribution of activation energies

around a mean value AE. The position of the reorientation peak is

concentration invariant, which means that the energy broadening

takes place around the value AE Q.
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Although computer fitting of the TSDC results with this model

yields satisfactory results, it is questionable whether the mean

activation energy AE will always be equal to AE Q for all dopant

concentrations. Also, it has been assumed in the model that the

reciprocal of the characteristic jump frequency t Q will not have a

distribution around a mean value x. Examples of an approach using

such a distribution to account for peak broadening have been pub-

lished before for electrets and polymers [21].

For Bai-xUxF2+2x solid solutions with x > 0.10, the dopant

concentration is high enough to cause distorted surroundings for

every 212-cluster in the lattice. The polarization of a large frac-

tion of these clusters will therefore be hindered, while the re-

maining part of the clusters will exhibit depolarization energies

which will be strongly influenced, resulting in extensive peak

broadening. Evidence for this effect is also presented in

Chapter V.

At low temperatures an additional factor may influence the

shape of a depolarization peak, viz. the response time of the

electrometer. For the apparatus used in our experiments (a Cary

type 401), the response time was specified to be as long as one

minute in the measuring range used (0 - 1.0 x 10 A ) . Especially

at low temperatures the depolarization peaks are narrow, for

instance the 29.5 K. peak for Baj_xUxF2+2x solid solutions with

x < 0.05 has a half-width of about 4 K. With the heating rate used

in our experiments (0.03472 K/s), a response time of 1 minute will

therefore result in a considerable error in the measured current.

This error is larger on the high temperature side of the relaxation

peak, because the descent of a TSDC peak is steeper than the

ascent. The effect of the response time error will therefore be an

effective broadening of the low-temperature TSDC peak. At higher

temperatures, the peak half-widths are several times larger, and

consequently the response time error will become negligible. Since

this response-time error could not be taken into account in the

computer fitting of the reorientation current peaks, its extent
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being yet unknown, a slight deviation of the fit results at the

descending slope of the low-temperature peaks was tolerated.

4.3. CORRECTIONS OF THE PRESENTED THEORY

When the heating rate of a TSDC experiment was doubled, the

peak maxima of all peaks shifted to higher temperatures and the

peak heights were doubled, which is entirely according to the

theory presented in Section 3. When, however, the polarizing

temperature Tp was varied, no apparent effect on a depolarization

peak was observed. As this temperature Tp is incorporated in

Equation (2) , which describes the temperature dependence of the

depolarization current resulting from reorientation of polarized

212-clusters, a clear effect on the current peak size should have

been the result of a change of the polarization temperature.

If the 212-cluster reorientation which causes the current peak

at 29.5 K for Bai_xUxF2-f_2x
 so''":'''' solutions is considered, the re-

sulting dipole moment change can be calculated using the precise

positions of the ions which constitute this cluster. These posi-

tions have been determined by neutron scattering measurements [13].

The calculated dipole moment change is: p. = (1.72±0.02) x 10~^° Cm.

In a Bag ggj^Q 009^2 018 so-'-ic' solution the 212-cluster concentra-

tion is 1.5 x 10* m~ , if each U ion is taken to form a cluster.

The volume of the crystal, which was used in the experiment from

which the computer fits of the reorientation peaks in Table I were

made, is 1.2 x 10 m . In Equation (2) the peak size is dependent
n

on a constant c = (NpiJ. E_)/(3kT_). This constant has been deter-

mined by the computer fitting, and all other factors in this con-

stant are either known or were mentioned above.

The polarization temperature can then be calculated to be

T = (9.2 ± 1.2) K. If either N or n is taken to be smaller, be-
1 _

s

even decrease. In our experiments on Bao.991uO.OO9F2.O18' t h e P°~

cause the maximum possible values were used, the calculated T will
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Figure 11
The relaxation parameters logto and AE of the nnn-dipole peak

of Ba^_xLaxF2+x from four literature sources.
a^ and a2 from Ref. [24], b from Ref. [23],

c from Ref. [22] and d from Ref. [6].
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larizing temperature T was varied from 50 K to 400 K, without any

change in peak size. We suggest, therefore, that in Equation (2)

the polarizing temperature T can be replaced by a constant which

has a value of 9.2 K for this sample.

Finally we note a problem in obtaining the t and AE values.

Literature data of four different sources are available for the

parameters of the nnn-dipole reorientation peak in low-doped

Bai_xLaxF2+x solid solutions [6, 22-24]. If we plot logno against

the reorientation enthalpy AE, a linear relationship is found

(see Figure 11). If the reported parameters are used to compute

this reorientation peak, the same result was obtained for all four

sources. Although all authors obtained a satisfactory fit result,

the obtained parameters differ widely (the xQ values differ by more

than two orders of magnitude). Because of this it is clear that in

order to obtain accurate AE values by peak fitting, T Q must be

known beforehand, and vice versa. If this is not the case only a

linear relationship can be reported between logto and AE, for which

each combination yields an accurate fit result. The values given in

Table I were selected by considering also the NMR data on these

systems [25].

4.4. THE SPACE-CHARGE DEPOLARIZATION PEAK

For all the Ba 1_ xLa xF 2 + x and Ba 1_ xU xF 2 + 2 x solid solutions

studied here, a large depolarization peak was observed in the TSDC

scans. This peak was positioned at higher temperatures than the

dipole- or cluster-reorientation peaks. Unlike for the dipole- or

cluster-reorientation peaks, the position of this peak was strongly

dependent on the dopant concentration. For B aj_ xU xF2+2 x solid solu-

tions the dependence of the temperature of the maximum of the peak

(Tm) with solute content x is shown in Figure 12.

Ionic conductivity measurements on the same B ai- XU XF2 +2 X solid

solutions [9] showed the activation enthalpy for fluoride ion in-
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Figure 12

The maximum temperature of the space-charge peak (Tm) vs x

for ^ i - x U ^ ^ x solid solutions.

terstitial migration to have a similar dependence on x. The large

high-temperature TSDC peak is therefore ascribed to the migration

of unbound fluoride ion interstitials. As has been described in

Section 3 of this Chapter, the maximum temperature T m of this peak

is related to the migration energy of fluoride ion interstitials

AHg. In Table II the values of AH 0 TSDC calculated from the TSDC

results according to Equation (3), are compared with AHg concj

values derived directly from ionic conductivity measurements [9].

For the calculation of AHg T S D C t*ie * values were derived from

ionic conductivity measurements, and for the dielectric constant e

the value for undoped BaF2 at 300 K was taken, viz. 7.36 [26] It

lus been sliown Ly Wapenaar and Schoonman [27] that e increases con-
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Table I I

AHa,TSDC compared with AHö > c o n d for Ba1_xUxF2+2x

0

0

0

0

0

0

0

0

X

0

.009

.012

.018

.021

.03

.055

.113

.168

AHc,TSDC
[eV]

1.440

1.244

1.137

1.007

0.935

0.761

0.639

0.549

0.506

"^a ,cond
[eV]

1.35

1.13

1.07

1.00

0.98

0.79

0.64

0.536

0.493
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siderably in Bai_xLaxF2+x solid solutions with increasing dopant

content. For Bai UxF2+2x solid solutions the dependence of e on x

is yet unknown. Therefore a similar concentration dependence of e

is assumed as in ^ai--xJ-'
ax^2+'K' "*'n or<^er t o ê e t accurate AHff TSDC

values from Equation (3).

One aspect of the space-charge depolarization has so far

remained undiscussed. From the size of the space-charge depolariza-

tion peak it is apparent that upon polarizing the sample, a con-

siderable number of unbound fluoride interstitials migrate through

the lattice in the direction of the positive electrode. An effec-

tive internal electric field will be generated by this migration.

If this electric field due to fluoride ion interstitial migration

is generated, the effective polarizing field strength E„ will be

diminished. The value of E is incorporated in Equation (2) which

describes the depolarization current of dipoles and clusters.

Therefore the peak size of cluster and dipole reorientation peaks

can be influenced by a space-charge polarization.

We observed, however, no change in peak size when a sample is

polarized at a temperature above, or directly below the space-

charge depolarization peak. Tt has been stated above, that an

increase of the polarizing field E p did not influence peak sizes

either. Our conclusion is, therefore, that the internally generated

electric field is small compared to E p, and that E p ~ E i n d u c e d
 i s

large enough to achieve an almost complete polarization of both

dipoles and clusters in the studied samples.
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CHAPTER V

THE DEFECT STRUCTURE OF Ba 1_ xU xF 2 + 2 x SOLID SOLUTIONS

STUDIED BY QUASI-ELASTIC DIFFUSE NEUTRON SCATTERING

ABSTRACT

Single crystals of the fluorite-type solid solutions

Ba^_xUxF2+2x (0.02 < x < 0.154) were studied in a series of quasi-

elastic diffuse neutron scattering experiments. At room tempera-

ture, maps of the scattering in the (X00)/(0YY)-plane of the crys-

tals were consistent with a dominant type of defect in these solid

solutions as the so-called 212-cluster. The scattering was elastic

within the experimental resolution of 0.8 meV.

Scans along the (X00), (OYY), and (XXX) directions at tempera-

tures above and below the Faraday transition showed the 212-cluster

to be stable at high temperatures. Above the transition, energy

broadening of the diffuse scattering was observed. This is assigned

to thermally generated defect clusters, since undoped fluorites are

reported to show the same scattering around the Faraday transition.

At liquid helium temperature a polarized Bao.946UO.O54F2.1O8

single crystal was studied by scanning the (X00)/(0YY)-plane in

order to obtain information about the polarized state of the defect

structure of these solid solutions.
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1. INTRODUCTION

Neutron scattering studies of fluorite-type solid solutions of

alkaline-earth fluorides and trivalent metal fluorides have provid-

ed important information about their defect structure. An early

study of Ca 1_ xY xF 2 + x (0.06 'S x « 0.32) showed the presence of

defect clusters containing two, and more dopant cations [1,2). At

low dopant concentrations a model containing a so-called 222-clus-

ter, comprising two dopant cations, two fluoride ion interstitials,

and two relaxed lattice fluoride ions, were in agreement with the

neutron scattering data. At higher dopant concentrations the

presence of more extended clustering of dopant cations and fluoride

ion interstitials has been suggested.

A more recent study on Bai_xLaxF2+x solid solutions with

x = 0.209 and 0.492 [3] showed evidence of short range correlations

between 222-clusters for the highest dopant concentration studied.

The clusters were found to form ordered arrays along the cube axis

that connects the two vacancies of the 222-cluster. The arrays have

an average extension of 30 to 40 A. These aggregates were reported

to dissociate at temperatures above 775 K [3].

Lead fluoride doped with tetravalent thorium has also been the

subject of a neutron diffraction study [4]. By determining the dis-

tribution of fluoride ions among normal and interstitial sites as a

function of the dopant concentration, Soubeyroux et ;.L. [4] were

able to establish a model for the Th dependence of the ionic con-

ductivity of Pb, xTh xF2 +2 x solid solutions.

The Ba^_xUxF2+2x solid solutions studied in this investigation

have been subjected to a detailed study of ionic conductivity

properties in the entire fluorite structured concentration domain

(0 < x < 0.25) covering the temperature region between 300 and

1250 K. (see Chapters II and III). An earlier neutron scattering

study by Andersen et al. [5] on Bao.846UO.154F2.308 indicated the

dominant type of defect to be the 212-cluster, comprising two fluo-

ride ion interstitials, one dopant cation, and two relaxed lattice

no



fluoride ions.

High-temperature neutron scattering studies of undoped barium

fluoride and lead fluoride [6], calcium fluoride and uranium oxide

[Refs.7,8] show the presence of thermally generated Frenkel pairs

and associated relaxations of lattice fluoride ions as in a 222-

defect cluster, but the lifetimes were observed to be 1 0 ~ ^ s+ It

was shown by specific heat measurements on Pbj_xUxF2+2x solid solu-

tions (0 < x < 0.10) that the amount of thermal disorder decreases

with increasing dopant content (Chapter III). In the present study

high-temperature neutron scattering measurements are shown to be a

very suitable method to determine the decrease of thermal disorder

with increasing dopant content for Baj_xllxF2+2x solid solutions.

An attempt is made to discriminate between 212-cluster scat-

tering and thermally generated cluster scattering at these tempera-

tures by studying the energy width of the scattering at tempera-

tures below and above T^, the maximum of the specific heat anomaly.

The defect structure of Bai-xUx
F2+2x s°lit' solutions has been

studied by the Thermally Stimulated Depolarisation Current (TSDC)

technique, as is described in Chapter IV. It was shown in this

Chapter that the defect structure was basically the same in the

entire concentration region studied (7.7 x 1O~' < x i 0.168). Since

this technique is unable to clarify the precise nature of the

defects in these solid solutions, the main objective of this study

will be the determination of the defect structure of a number of

Ba|_xlIxF2+2x
 soli-d solutions with different dopant concentrations.

In particular, attention will be given to possible correlations

between 212-clusters. In combination with the TSDC results, conclu-

sions can be drawn about the defect structure of Bai-xUxï'2+2x

solid solutions with 7.7 x 1O~-* < x < 0.168, and hence the concen-

tration dependence of the ionic conductivity can be discussed (see

Chapter II).

In order to determine the effect of a polarizing electric

field of about 3 x 105 V/m (the electric field utilized in the TSDC

measrurements) on the defect structure of Bal-x^xF2+2x» a
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^aO 946^0 054^2 108 c r v s t a l has been subjected to an electric field

of 2.5 x 105 V/m and cooled to Liquid Helium Temperature (LHeT). At

this temperature the defect structure was determined by scanning

the (X0O)/(OYY)-plane of the crystal in a polarizing field direc-

tion (ITT). As far as we are aware, experiments of this type have

not been published before.

2. EXPERIMENTAL ASPECTS

The B ai- x
u
x
F2+2x s a m P ^ e s w e r e all high-quality single crystals

grown by a modified Bridgeman-Stockbarger technique in a nitrogen

gas ambient. The growth method has been described before [see

Chapter I]. The size of the crystals used in the experiments varied

from 6.0 * 10~7 m 3 for Ba0>g46
u0.154F2.308 t o 3"° x 1 0~ 6 m 3 f o r

Ba0.946u0.054F2.108 (C0InPare also Fig. 2 of Chapter I).

Quasi-elastic Diffuse Neutron Scattering (QDNS) studies on

Bal-xUxF2+2x ^ x = °-02> 0-054 and 0.154) were performed on the

TAS6 triple-axis spectrometer at the DR3 reactor of the Ris^

National Laboratory using incident neutrons with wavelength

X = 2.44 x 10 m. Pyrolytic graphite filters were used to reduce

higher order contaminations of the beam. Typical collimations were

40' - 60' throughout the spectrometer giving energy re ïolutions in

the range 0.8 - 1.0 meV. Measurements at elevated temperatures were

performed in a water-cooled Al-furnace equipped with a heating

filament and radiation shields of tantalum. Samples were mounted

either by use of Gd20-j-containing cement (Gd is a neutron absorber)

and heated in dynamical vacuum (< 10 Pa). Several room-

temperature scans were performed at the ECN reactor in Petten.

QDNS-studies of polarized defect clusters in

Ba0.946^0.054F2.108 w e r e performed at liquid helium temperature in

a flow cryostat of aluminum (THOR cryogenics). The sample was

polarized at 140 K with an electric field of 2.5 x 105 V/m by use
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of Ni condensor plates insulated from the crystal and the setup by

sapphire discs as is shown in Figure 1. Possible leak currents were

checked by a nano-Ampere current meter, but none were detected.

sapphire

Figure 1

Sample holder for QDNS-measurements on a polarized crystal.
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3. RESULTS AND DISCUSSION

3.1. ROOM TEMPERATURE MEASUREMENTS

At room temperature we performed QDNS-measurements in the

scattering plane spanned by the (100) and (Oil) reciprocal lattice

vectors, henceforth called the (X00)/(OYY)-plane. Within the

resolution of the instrument the diffuse scattering was elastic.

Andersen et al. [5] performed scattering measurements on

B a0 846^0 154F2.308 a t r o o m temperature in the (X00)/(0YY)-plane.

The reported scattering intensity distribution was in general

features the same as the distributions reported for Bai_x^
axF2+x ^ v

Kjems et al. [3], and the distribution reported for CaF2 [7] at

temperatures above the Faraday transition. Broad diffuse scattering

maxima were found between (111) and (222), and between (200) and

(300). This suggests the type of defect in Ba 1_ xU xF 2 + 2 x to be

similar to the defects reported for the above-mentioned systems.

Andersen et al. [5] performed model calculations on the results as

obtained for Bao.846uO.154F2.308 wifch a defect cluster as depicted

in Figure 2. This cluster contains two interstitial fluoride ions,

one dopant ion and two relaxed lattice fluoride ions, and is there-

fore called a 212-cluster. It is very similar to the 222-cluster

reported first for ^i-xYx^+x s o l i d solutions by Cheetham et al.

[1], and later also for B ai_ xLa xF 0 + x by Kjems et al. [3]. In addi-

tion the cluster anion array is also similar to the thermally

generated defect clusters containing a Frenkel pair [7,8].

In the present study on crystals with low mosaic spread (< 1°)

and large dimensions, more accurate measurements were possible.

Here we report results for ü&Q.<)it()Vomo5^2.l08'
 T n e v show the same

scattering distribution in the (X00)/(0YY)-plane as reported for

Ba0.846u0.154F2.308* I n F i S u r e 3 w e show a three-dimensional QDNS

scan of the (X00)/(0YY)-plane for Bao.946u0.054F2.108* T h e B r a88

reflections occur as sharp peaks. In between these, broad diffuse
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Figure 2

A 212-cluster in solutions.

scattering maxima are observed. For comparison we show in Figure 4a

a contour mapping of this scan. Figure 4b gives the scattering dis-

tribution reported by Andersen et al. [5] for Bao.846uO.154^2.308*

Since our results are more accurate, more precise model calcula-

tions could be performed. These calculations were carried out using

a computer program developed by Hutchings et al. [9], which calcu-

lates the scattering distribution of 212-clusters oriented in all

twelve possible directions. The scattering lengths used in the

program were the same as in Ret.[5]. The result of the best fit is
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Figure 4

Contour mappings of the diffuse neutron scattering patterns

in the (X00)/(0YY)-plane at room temperature:

a)
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c) Calculated pattern

using ion positions of a 212-cluster (see Table I).

022

000 200
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depicted in Figure 4c. The excellent agreement between Figures 4a

and 4c was obtained by moving the displaced fluorine ions away from

the body diagonal. The defect coordinates of a 212-cluster in

are presented in Table I.

Table I

Defect coordinates of 212-clusters in Bai--xpx

Coordinates are in unit cell units

relative to the center of the cluster

Ion Positions (x,y,z)

"to
F i
n
VF
VF

n
n

0.

0-

- 0 .

0

0

0.

0.

25

i 7

22

153

153

0.

- 0 .

0.

0

0

0.

0.

25

22

17

153

153

0

0

0

0.25

-0.25

0.335
-0.335

Further improvement of the fit may be obtained if correlation ef-

fects between 212-clusters in the lattice are taken into account.

This will probably narrow the scattering maxima in the plane. Room-

temperature Qr S measurements of the (XOO)/(OYY)-plane were also

performed for Bag 9gUg Q2^2 04* ^ e r e s u l t s show the same picture

as found for the solid solutions with x = 0.054 and 0.154, indicat-

ing the defect structure of ^ai-xU-x^2+2x
 s ° H d solutions to be un-

altered in the concentration region spanned by these samples. This

observation is in line with our TSDC results which predict the de-

fect structure to be concentration invariant for x = 7.7 x 10~^

until x = 0.169.
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The ion positions in a 212-cluster, as presented in Table I,

can be used in the same computer program to calculate the positions

and intensities of other diffuse scattering maxima further out in

the (XOO)/(OYY)-plane. Thus, a verification of the ion coordinates

can be obtained by scanning through such a predicted diffuse scat-

tering maximum. It was thus established that at (2.6 2.6 2.6) a

diffuse scattering maximum was bound to occur which should be

equally strong as the maximum at (1.6 1.6 1.6). Room-temperature

scans of a BaOi94&Uo#Q54F2Jio8
 crvstal l n t h e (x 1 > 5 1 > 5) a n d t h e

(X 2.6 2.6) direction taken at the ECN reactor revealed an excel-

lent agreement with the calculated curves (see Figure 5). This

result is a strong indication that the presented ion coordinates of

the 212-cluster are indeed correct. The fact that the experimental

curves in Figure 5 are narrower than the calculated ones, is

ascribed to correlation effects between the 212-clusters (see

2 3
(X 2.6 2.6) •

Figure 5

Calculated (a) and measured (b) scattering intensities

along (X 1.5 1.5) and (X 2.6 2.6) at room temperature

054^2 108 w a s usec* ^ o r t'le measurements).
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above). Nevertheless this experiment opens an interesting possibi-

lity to check a proposed cluster structure.

In this respect it is interesting to note the following. It

has been stated above that the incorporation of possible correla-

tion effects in the computer fit program would narrow the Q-width

of the diffuse neutron scattering maxima. In fact the calculated

fit result represents the scattering pattern caused by one 212-

cluster when averaged over the twelve equivalent orientations in a

pure and undistorted BaF2 lattice, and may therefore be considered

as the result for an undoped crystal. If the width of the broad

diffuse neutron scattering maximum around (2.6 0 0) is measured as

a function of the dopant content x (see Figure 6), the concentra-

tion dependence is similar to that of AH a, Tc and T m (compare

Figure 6b of Chapter II; Figure 2 of Chapter III and Figure 12 of

Chapter IV). The similar concentration dependence of these proper-

FWHM
Q-units

0.05 0.10 0.15
X *>

Figure 6

Full Width at Half Maximum (FWHM)

of the diffuse neutron scattering maximum at (2.6 0 0) versus x

for some B ai_ xU xF2+2x
s o l l d solutions. (The FWHM for x = 0

is taken from the result of the model calculation).
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ties suggests a close correlation with the defect structure, as is

to be expected if one type of cluster dominates in the Baj_xUxF2+2X

solid solutions.

For Caj_xUxF2+2x
 s°lid solutions model calculations predicted

a different type of defect cluster to be stable, viz. the so-called

trimer, consisting of one dopant ion, one fluoride ion vacancy, and

three fluoride ion interstitials [10]. The calculated scattering

pattern of a trimer is presented in Figure 7. Ion positions in the

trimer are taken from Ref.[10], and scattering lengths from

Ref.[5]. Although there is indeed a scattering maximum at

(2.6 2.6 2.6), it is much stronger than the maximum at

(1.6 1.6 1.6), so it can be concluded that the defect structure of

Bal-xuxF2+2x does not consist of trimers.

022

000 200

Figure 7
Calculated scattering pattern in the (XOO)/(OYY)-plane for

solutions using ion positions of a trimer.
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3.2. HIGH-TEMPERATURE MEASUREMENTS

QDNS-measurements on undoped fluorites have shown that diffuse

scattering occurs at temperatures higher than the onset of the

specific heat anomaly [6-8]. For CaF2 the (X00)/(0YY)-plane has

been scanned at 1473 K, i.e. above T^ (1430 K, Ref.fll]). The dif-

fuse scattering pattern has been succesfully explained using a

model consisting of a defect cluster containing a Frenkel pair,

two relaxed lattice fluoride ions which are displaced in a similar

fashion as in a 222-cluster, and six other surrounding displaced

lattice fluoride ions. By this model Hutchings et al. [11] were

able to explain the measured diffuse scattering around the (022)

Bragg reflection.

For all undoped fluorites studied, viz. (3-PbF2 and BaF2 [6],

CaF2 and U0 2 [8J, and SrCl2 [11], the strongest diffuse scattering

in the (XOO)/(0YY)-plane was found outside the (200) Bragg reflec-

tion, with its maximum moving to higher Q-values for increasing

temperature. For f3-PbF2 the integrated intensity of the diffuse

scattering outside (200) was reported to saturate around 800 K [6],

coinciding with the upper temperature of the specific heat anomaly

(see Chapter III). Since it is clear that for undoped fluorites the

specific heat anomaly and the diffuse scattering at temperatures

arcund T^ are related, it can be expected that diffuse scattering

should also occur in U -doped solid solutions around these temper-

atures.

The concentration dependence of the specific heat anomaly has

been determined for Pt>i-xu'x'
r2+2x solid solutions (Chapter III), and

it was shown that the enthalpy of this transition decreases more

than an order of magnitude with increasing solute content. The

maximum of the specific heat anomaly is shifting to lower tempera-

tures with increasing solute content. The same concentration de-

pendence for this specific heat anomaly can be expected for the

similarly structured solid solutions Baj_xUxF2+2x* Schröter [12]

reported the maximum of the anomaly for BaF2 at 1275 K. The onset
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of the anomaly in undoped BaF2 is found at 875 K. Due to the lower-

ing of the anomaly with increasing dopant concentration, it can

therefore be expected that a QDNS-scan along (X00) at 857 K should

show some diffuse scattering caused by thermally generated defect

clusters, along with the scattering caused by the 212-clusters for

the composition Bag>9gU0>o2
F2.O4* I n F:I-gure 8 the result of such a

scan is compared with a room temperature scan. Clearly this picture

shows an increase in scattering intensity around (2.2 0 0), thereby

indicating the occurrence of thermally generated defect clusters in

4 + BaF2.

2001

Figure 8

A yDNS-scan along (XOO) for Bao.98uO.O2F2.O4 a t 2 9 3 K Ca) and «57 K
(b) showing the occurrence of diffuse scattering around (2.2 0 0)

at high temperatures.
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Additional evidence can be obtained by determining the energy

width of this scattering; since for undoped fluorites it has been

found [11] that considerable energy-broadening occurs. In Table II

a number of Full Width at Half Maximum (FWHM) values for

Ba0.98u0.O2F2.O4 a r e gathered.

Table II

Energy widths along (X00) for fiao.98U0.02F2.04

at different temperatures

Temperature

(K)

857

857

857

915

915

915

915

Position

(X00)

2.1 0 0

2.2 0 0

2.3 0 0

2.1 0 0

2.2 0 0

2.3 0 0

2.4 0 0

0

0

0

0

0

Width

(meV)

-

.85 ± 0.

.88 + 0.

.94 + 0.

.94 + 0.

.90 ± 0.

02

02

02

02

02

Height

(counts/2xl06)

150

140

140

175

150

140

130

The resolution of the spectrometer has been determined to be

0.80 + 0.02 meV, so that only a slight energy-broadening could be

detected. Note that the FWMH values increase with increasing tem-

perature. Further, the diffuse scattering shows a tendency to in-

crease in the temperature region 857 to 915 K.

If the diffuse scattering along (X00) were to be measured for

a series of Baj_xUxF2+2x
 s°lid solutions at temperatures around T^,

the integrated intensity is expected to decrease with increasing
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dopant content, since the calorimetric studies on P^>i—xP-

solid solutions have shown clearly that the number of thermally

generated defect clusters decreases sharply with increasing x. The

diffuse scattering is currently being measured as a function of x

at Ris^ National Laboratory.

3.3. POLARIZATION EXPERIMENTS AT LOW TEMPERATURES.

Chapter IV describes how the localized motions of bound fluo-

ride interstitlals in defect clusters in Ba^_xU Fn +2 X solid solu-

tions can be studied by Thermally Stimulated Depolarization Current

measurements. In these experiments a single crystal of ^ai_xUxF2+2x

is polarized along the [111] direction by applying an electrical

field of about 3.0 x 10^ V/m. Subsequently the crystal is cooled to

LHeT, and the depolarization current generated by reorienting

defect clusters is measured by a sensitive current meter. In the

discussion of these results it has been argued that the polarized

state of the 212-cluster can be either a trimer with its dipole

moment in the [TTT] direction, or 212-clusters with their dipole

moments in the [OYI] , [TOT] and [TTO] directions. Recently, Matar

et al. [10] have proposed the trimer to occur as a stable defect

cluster in unpolarized ^•aLi--xpx^2+2x.' ^n o r^ e r t o obtain more infor-

mation on the nature of the polarized state of the 212-clusters in

these solid solutions a special QDNS-experiment has been developed.

This experiment consists of the polarization of a large

^a0.946^0.054^2.108 si nSl e crystal at 140 K by an electrical field

of about 2.5 x 105 V/m, followed by cooling to LHeT. The direction

of the polarizing field was [lTT]. With the electrical field

continuously applied, the defect structure remains at this tempera-

ture in the polarized state. Hence, this polarized defect structure

can be studied by scanning the (X00)/(0YY)-plane. Using the setup

depicted in Figure 1, a scattering pattern was obtained as is shown

in Figure 9a. When this pattern is compared with the scattering
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pattern of the same crystal at LHeT, without a polarizing field

(Figure 9b), it is obvious that significant differences are pre-

sent. From this we conclude that it is indeed possible to study the

polarization of defect clusters by QDNS measurements. Figure 9c

shows the calculated pattern of a trimer with its dipole moment in

the [TTT] direction. Some increased scattering along the (XXX)

direction can be observed in the measurement on the polarized crys-
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Figure 9

a) The diffuse neutron scattering pattern in the (X00)/(0YY)-plane

at liquid helium temperature for a polarized
Ba0.946^0.054F2.108 c ry s t al (polarization direction [ITT]).
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b) The diffuse neutron scattering pattern in the (XOO)/(OYY)-plane

at liquid helium temperature for an unpolarized

15aO.946uO.O54F2.1O8 crystal.
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c) The calculated diffuse neutron scattering pattern In the

(X00)/(0YY)-plane using ion positions of a trimer

with its dipole moment in the [lYl] direction.
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tal. However, we feel that the patterns of Figure 9 do not allow

conclusive decisions as to the detailed nature of the polarized

state of the 212-cluster, Possibly the extent of polarization in

this experiment has not been complete. Measurements with stronger

electrical fields by using smaller crystals are necessary to be

able to draw definite conclusions.

4. CONCLUSIONS

1. The dominant type of defect in the solid solutions Baj

is the 212-cluster.

2. Above the onset of the specific heat anomaly, diffuse scattering

due to thermally generated defect clusters has been observed.

3. It is possible to measure diffuse scattering at liquid helium

temperature due to polarized defect clusters; high electric

fields are required to obtain complete polarization.
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APPENDIX TO CHAPTER V

In Section 3.1 of Chapter V, the defect structure of a number

of Bai-xUxF2+2x solid solutions was determined by measuring the

diffuse neutron scattering in the (XOO)/(OYY)-plane at room temper-

ature. As is described in Chapter I, single crystals of the solid

solutions Mi_xUxF2+2x (̂
 = ^a» $r and Ba) have also been prepared.

The solid solutions Cai-x
uxF2+2x a r e reported to have the fluorite

structure £or dopant concentrations of x 4 0.12 [1]. The solubility

limit of UF^ in BaF2 is 25 mole percent [1] showing that only half

the amount of UF^ can be incorporated in the CaF2 lattice. For

Ca1_}£UxF2+2x solid solutions Matar et al. [2] reported a so-called

trimer to be the most stable defect configuration. The triraer is

significantly different from the 212-cluster. A room temperature

scan of the (X0O)/(OYY)-plane, followed by a computer fitting of

the result of this scan is a suitable means of checking the pro-

posed defect structure of Reference 2.

Using the same equipment and settings as described in

Section 2 of Chapter V, a room-temperature scan of the (X00)/(0YY)-

plane of a Car, 95UQ 05F? 10 s* n8l e crystal has been performed. The

crystal had an irregular shape and a volume of 1.0 x 10 m • The

lattice constant a.Q was found to be 5.495 A, in excellent agreement

with the reported value for Cai-xUx
F2+2x w i t^ x = 0«05 [1], showing

the solute content of this crystal to be correct.

The result of the scan is depicted in Figure 1. A contour map-

ping is shown in Figure 2. Preliminary computer fitting cf these

results did not provide enough results to allow any conclusions to

be drawn about the nature of the defect structure. However, the

scattering pattern of Cao.95^O.O5F2.10 i s sufficiently different

from the pattern measured for Bag 946^0.054^2.108 t o s t a t e that the

type of defects present in the CaF2~based solid solution is proba-

bly different from the 212-cluster in Bai_xUxF2+2x
 s o l i d solutions.

Although the growth procedure for Ba0.946u0.054F2.108
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Figure 1

Scattering pattern in the (X00)/(0YY)-plane at room temperature

for Ca 0 > 9 5U 0 # 0 5F 2. 1 0.
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Figure 2

Contour mapping of the scattering pattern in the (X00)/(0YY)-piane

at room temperature for Cap gjUg 05F2.10.

Ca0.95u0.05F2.10 w a s identical, the BaF2-based solid solution was

easy to cleave along the [lll]-plane, and no cleavage plane was

found for the CaF2~based solid solution. Pieces of this crystal

appeared glass-like, suggesting that the disorder induced by in-

corporating 5 m/o of UF^ in the host lattice is greater for CaF2

than for BaF2. This would also explain the lower solubility limit

for CaF2~based solid solutions. In conclusion it can be said that

these observations indicate that Ca 1_ xU xF 2 + 2 x and Ba 1_ xU xF 2 + 2 x

solid solutions have different defect structures and that the

disorder in the lattice induced by the incorporation of UF^ is

greater in the CaF2~
based solid solutions.
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SAMENVATTING

In dit proefschrift worden de resultaten beschreven van ionen-

geleidingsmetingen aan circa dertig vaste oplossingen van

uranium(IV)fluoride in aardalkalifluoriden en loodfluoride. Om deze

resultaten afdoende te kunnen verklaren, werden thermisch

gestimuleerde depolarisatiestroommetingen en neutronenverstrooi-

ingsmetingen verricht aan een aantal van deze vaste oplossingen.

Teneinde duidelijkheid te verschaffen over het geleidingsgedrag bij

hoge temperaturen, werden soortelijke warrotemetingen verricht aan

een aantal vaste oplossingen van uranium(IV)fluoride in loodfluo-

ride. De aanwezigheid van êén type defectclusters in het gehele

bestudeerde concentratiegebied kon worden aangetoond met de depola-

risatiestroommetingen. De structuur van deze clusters werd bepaald

door middel van de neutronenverstrooiingsmetingen. Op basis van

deze kennis kon de UF^-concentratie-afhankelijkheid van de ionen-

geleiding van de vaste oplossingen worden verklaard.

Hoofdstuk I beschrijft de kristalgroei en analyse van de vaste

oplossingen Mi- XU XF 2 +2 X (M = Ca, Sr, Ba en Pb) met 0 < x < 0.211.

Cylindrische êénkristallen met een diameter oplopend tot 19 mm en

een lengte tot 42 mm, zijn geproduceerd volgens een aangepaste

Bridgeman-Stockbarger techniek. Er werd gebruik gemaakt van een

radiofrequentie inductie-oven. De aldus verkregen kristallen waren

vrij van een tweede rase en hadden de kubische fluorietstructuur.

De reductie van IP+ to LW+ gedurende het kristalgroeiproces kon

vrijwel geheel voorkomen worden door de toevoeging van een kleine

hoeveelheid (3 molprocent) loodfluoride aan het startmengsel en

door het gebruik van relatief grote hoeveelheden uitgangsmateriaal.

De kristallen die vierwaardig uranium bevatten zijn blauwgroen

gekleurd. Driewaardig uranium veroorzaakt een oranjebruine verkleu-

ring van het kristal. Röntgendiffractie en röntgenfluorescentieme-

tingen zijn gebruikt om de U -concentratie van de vaste oplossing-

en te bepalen. Het oplossen van UF^ in PbF2 bleek een stabiliserend
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effect te hebben op de p-PbF2 (fluoriet) structuur, die bij kamer-

temperatuur metastabiei is.

Hoofdstuk II bevat een gedetailleerde studie van de gelei-

dingseigenschappen van Bai_xUx
F2+2x (7.7 x 10"^ < x < 0.211) en

Pbl-xUxF2+2x (i-0 x i 0~ 3 * x * 0.10) vaste oplossingen. De

samenstellingsafhankelijkheid van de ionengeleiding kan voor

^al-x^x^2+2x w o rden onderverdeeld in vier concentratiegebieden. Van

x = 1.0 x 10~3 tot x = 1.0 x 10" 2 is de geleidingsactiverings-

enthalpie (AHg.) in het extrinsieke geleidingsgebied onafhankelijk

van de U -concentratie met een waarde van (1.17 + 0.02) eV.

Hieruit kan de associatie-enthalpie (AHa) van fluoride-

interstitiëlen aan 212-clusters bepaald worden op (0.90 ± 0.05) eV.

In het tweede concentratiegebied (1.0 x 1O~2 < x < 0.05) wordt AH g

verlaagd tot vrijwel nul als gevolg van Debije-Hückel-Lidiard

interacties. Deze daling resulteert in een geleidelijke toename van

het aantal vrije fluoride interstitiëlen bij toenemende

uraniumconcentratie. Dit zorgt op zijn beurt weer voor een toename

van de ionengeleiding met enige ordes van grootte. In het derde

gebied, tussen x = 0.05 en x = 0.13 verloopt de concentratie-

af hankelijkheid van de ionengeleiding van Bai-x^xF2+2x vaste

oplossingen volgens het zogenaamde Enhanced Ionic Motion model. Dit

model is ontwikkeld om de concentratie-afhankelijkheid van de

ionengeleiding van vaste oplossingen MF2 (met M = Ca, Sr, Ba en Pb)

gedoteerd roet driewaardige kationen te verklaren. Tussen x = 0.13

en x = 0.25 neemt de ionengeleiding van Bai-xUx
F2+2x niet verder

meer toe, maar blijft concentratie-invariant. Dit suggereert het

bestaan van een continu geleidingspad langs de 212-clusters.

Afgezien van enkele verschillen in de begrenzingen van de

concentratiegebieden, is het ionengeleidingsgedrag van Pl>2_xUxF2+2x

hetzelfde als dat van Ba]-xUx'
i'2+2x*

Het effect van een anion-overschot op de diffuse fase-overgang

in de ionengeleiding de anomalie in de soortelijke warmte van de

vaste oplossingen Mj_ xU xF2 + 2 x (M = Ca, Sr, Ba en Pb) zijn bestu-

deerd met behulp van impedantie-spectroscopie en calorimetrische
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meLingen. De resultaten hiervan worden besproken in Hoofdstuk III.

De temperatuur Tc van de diffuse fase-overgang (Faraday overgang)

zoals bepaald met behulp van ionengeleidingsmetingen verschuift

naar lagere waarden bij toenemende UF4 concentraties. Soortelijke

warmtemetingen aan de vaste oplossingen pbi-xUxF2+2x
 t o n e n a a n d a t

de enthalpie van de hoge-temperatuur anomalie tussen x = 0 en x =

0.10 afneemt met meer dan een orde van groutte. Hieruit blijkt dat

het aantal thermisch gegenereerde defecten wordt gelimiteerd door

de aanwezigheid van defect clusters met vierwaardig uranium in het

fluoriet rooster. De hoeveelheid thermisch gegenereerde wanorde in

het rooster neemt dus sterk af met toenemende U concentratie.

Een aantal kristallen van de vaste oplossingen Baj_xLaxF2+x
 e n

^al-x^x^2+2x z^Jn bestudeerd door middel van thermisch gestimuleer-

de depolarisatiestroommetingen (de TSDC techniek). De resultaten

hiervan staan in Hoofdstuk IV. In de TSDC scans werden tussen

10 en 400 K vier pieken waargenomen voor de vaste oplossingen

Baj_xLaxF£+x en zeven pieken voor de vaste oplossingen

Bai_xUxF2+2x' Verder was in elke scan een piek aanwezig, die ver-

oorzaakt wordt door de macroscopische ruimtelading. Met behulp van

de defectstructuurbepalingen van de neutronenverstrooiingsmetingen

was het mogelijk deze depolarisatiestroompieken te verklaren. De

depolarisatiestappen die de stroompieken bij 21 K voor Bai_xLaxF2+x

en bij 29.5 K. voor Baj_xUxF2+2x
 v e r o o r z a' c e n werden toegeschreven

aan respectievelijk 222- en 212-clusters. Dit hoofdstuk bevat

verder een kritische bespreking van de huidige theorieën over depo-

larisatiestroommetingen en een vergelijking tussen geleidingsac-

tiverings-enthalpieen verkregen uit TSDC metingen en uit ionen-

geleidingsmetingen.

Hoofdstuk V presenteert de bestudering van de defectstructuur

van de vaste oplossingen Bal-x^xF2+2x (van x " 0.02 tot en met

x = 0.154) met behulp van neutronenverstrooiingsmetingen. Scans van

de (X00)/(0YY)-vlakken van de kristallen bij kamertemperatuur toon-

den aan dat het dominante type defect in deze vaste oplossingen de

212-cluster is. De exacte posities van de ionen binnen dit cluster
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werden verkregen door het resultaat van de scans van het

(X00)/(0Tï)-vlak te vergelijken met het resultaat van een computer-

modelberekening. Scans langs de (X00)-, (OYY)- en (XXX)-richtingen

bij temperaturen rond de Faraday-overgang lieten zien dat de 212-

cluster stabiel is bij deze temperaturen. Ook werd scattering

waargenomen bij deze temperaturen tengevolge van thermisch

gegenereerde defect clusters. Bij de temperatuur van vloeibaar

helium werd een scan in het (X00)/( OYY)-vlak gemaakt van een

gepolariseerd Bao.gAó^O.OS'i^. 108 kristal» teneinde meer informatie

te verkrijgen omtrent de structuur van gepolariseerde 212-clusters.
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