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THE SMALL-SIGNAL ac RESPONSE OF La1_xBaxF3_x SOLID SOLUTIONS 
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Solid State Department, Physics Laboratory, Stare University, 
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The small-signal ac response of single crystals of La,_,Ba,F,_, (0 s x G 0.104) with ionically blocking electrodes has 

been measured in the frequency range lo-* to 10’ Hz, and for temperatures from 293 to 1300 K. At low and moderate 
temperatures the ac bulk response can be modeled with a Debye circuit. The circuit parameters do not have the 
temperature dependence associated with dipolar reorientation but rather the opposite, as is characteristic of the behavior 
of free charge carriers. We have developed a model, in which the theoretically expected dependence of the circuit 
parameters is concordant to the behavior found experimentally. Thermally stimulated depolarization current (TSDC) 
spectra exhibit five dielectric relaxation peaks, in addition to a space-charge peak. Two peaks have been analyzed in 
detail. The reorientation enthalpies are concordant with the conduction activation enthalpies. 

La rtponse signal-faible par courant altematif de monocrystaux du type La,_,Ba,F,_, (0 G x s 0.104) avec des 
electrodes de blocage des ions a tti mesuree dans le domaine de frequence lo-’ a lo5 Hz, et pour des temperatures 
entre 293 et 1300 K. A des temperatures basses et modtrees la reponse du volume par courant alternatif put &re 

represent6 a l’aide du circuit Debye. Les parambtres du circuit ne montrent pas la dtpendance de temperature associee a 
la reorientation dipolaire mais plut& l’oppost, ce qui est caracttristique du comportement des porteurs de charge libre. 
Nous avons dtvelopp6 un modtle oh la dependance attendu theoriquement des parametres du circuit s’accorde avec le 
comportement trouvt en experiment. Thermally stimulated depolarization current (TSDC) spectres montrent cinq pits de 
relaxation dielectrique et en plus un pit de charge d’espace. Deux pits ont BtC analysts en detail. Les enthalpies de 
reorientation s’accordent avec les enthalpies de l’activation de la conduction. 

1. Introduction 

LaF3 and the solid solutions Lal_xBaxF3_x adopt 
the structure of the mineral tysonite (a lanthanum 
cerium fluoride). At present there is wide-spread 
interest in the electrical properties of LaF3 and 
tysonite (LaF,)-type solid solutions which are candi- 
dates for use in solid state batteries, gas sensors, and 
ion selective electrodes. The conductivity properties of 
tysonite materials are rather complex and in some 
respects poorly understood. The dominant disorder is 
believed to be of the Schottky type, with the cation 
vacancies essentially immobile, so that the ionic cur- 
rent is carried by the anion vacancies alone [l]. 
Usually one considers two different types of anion site 
in the lattice in the ratio 2 : 1. Anisotropic fluoride ion 
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conductivity has been observed for undoped LaF3, 
with a(/c axis) > c+(lc axis) [2]. 

The reactivity of LaF3 towards oxygen and water 
vapour appears to interfere strongly in the experi- 
mental characterization of the ionic transport. Due to 
the formation of oxygen-rich surface layers, 
frequency-dependent effects have been observed. 
Such layers even tend to mask the intrinsic conduc- 
tivity region [3]. 

In order to shed more light upon the modes of 
conduction, we have studied diffusive and localized 
motions in single crystals of Lal_xBaxF3_x(O~ x < 
0.104). For diffusive motions the small-signal ac 
response of cells with LaF3 or a solid solution and 
ionically blocking electrodes, has been measured. 
Localized motions in LaF3 and the solid solutions 
have been studied using thermal depolarization tech- 
niques (TSDC). 
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2. Experimental aspects 

Single crystals of Lal_xBaxF3_x(O~ x < 0.104) 
were grown by means of a modified Stockbarger crys- 
tal growth method, using a RF heater. All crystals 
appeared to be single-phase with the LaF3 (P%l) 
structure. 

The admittance/impedance data were recorded for 
temperatures from 293 to 1300 K in the frequency 
range 10e2 to lo5 Hz, using a frequency response 
analyser (Solartron 1174). As electrode contact 
material a platinum paste (6082, Hanovia) was 
employed. Further we used as ambient dry, purified 
N2 gas. The ambient gas is purified with two BTS 
catalyst traps and two molecular sieve traps. The 
experimental data were fitted to an equivalent circuit 
with a computer program, which employs the gradient 
method of Fletcher and Powell [4]. 

The TSDC measurements were performed using a 
cryostat in which temperatures from 4 K to 400 K 
could be realized. An ambient of dry He gas was 
maintained in the cryostat. Linear heating rates were 
achieved using a digital temperature controller with 
PID control, and a linearized sweep unit. A computer 
program has been employed to analyse the localized 
motions. The analysis was obtained by using the Mar- 
quardt method, and provides best values for the 
characteristic relaxation time 7(), the average activa- 
tion energy I!$, the width of a gaussian energy distri- 
bution 0; and the number of dipoles Nd [.5]. 

3. Results 

3.1. Diffusive motions 

Fig. 1 presents the bulk electrolyte conductivity of 
pure LaF, as reported in the literature [2]. Up to 
about 420 K the conductivity of single crystals is 

slightly anisotropic (a(]]) > g(1)). The data in fig. 2 
reveal the bulk electrolyte conductivity of pure LaF3 
and of La0.xshBa.104F2.X9h. The bulk conductivity of 
La,,.,,,Ba,,,,04F2.X96 is not anisotropic. For solid sol- 
utions with smaller solute contents the conductivity is 
slightly anisotropic. The intrinsic point defects in LaF, 
are assumed to be thermally generated according to a 
Schottky mechanism 0 G= Vra + 3Vi. Here the 
Krbger-Vink defect notation is used. 
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Fig. 1. Bulk electrolyte conductivity of pure LaF, (I and I/c 

axis). 
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Fig. 2. The bulk electrolyte conductivity of pure LaF, and of 
La,_,Ba,F,_,, x =0.104. The dots represent the solid sol- 
ution x = 0.104; the solid line represents pure LaF,. 
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Fig. 3. Admittance spectrum of Lac,.s96Ba0.104F,,s,, Ic axis. 
T = 325 K. Frequency range: 3 Hz to 100 kHz. 

The fluoride ion vacancies constitute the mobile 
species. The high-temperature bulk conductivity data 
of pure LaF3 lead to the values 0.46 eV and 0.26 eV 
[migration enthalpies AH,(lc axis)] and 0.84 eV 
(intrinsic conductivity enthalpy), and hence to the 

value 2.32 eV for the Schottky-disorder formation 

enthalpy. The conductivity data of the solid solutions 
indicate that the deficiency of anions is not accommo- 
dated by the creation of specific vacant anion sites. 

We have analyzed the small-signal ac response 
with a non-linear least-squares fitting procedure, that 
has been employed to fit the complex data to several 
equivalent circuits. The data can be fit to high 
accuracy (relative standard deviations ~1%) to a cir- 
cuit, which includes the Debye circuit segment usually 
associated with dipolar relaxation. A typical example 
of a measured and calculated admittance spectrum is 
given in fig. 3. The concomitant impedance spectrum 
provides details of the low-frequency region, and is 
given in fig. 4. The full circuit is presented in fig. 5. 
The computer program accepts the circuit in the form 
QCSRPRQPSCPY, where S and P denote series 
and parallel, respectively, while Y indicates that 
experimental admittance data have been fitted. It 
should be noted that the circuit used to fit the data 
did not include the interfacial capacitance C,. A 
detailed analysis of the interfacial phenomena is 

beyond the scope of this paper, and it will be repor- 
ted elsewhere. 

The circuit elements Qi and C, have the following 
temperature behavior: the capacitance (C,) is increas- 

Fig. 4. Concomitant impedance spectrum of La,,s,,Ba,.,,,F,s,,, Ic axis. 
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Fig. 5. The general equivalent circuit to which data have 

been fit to high accuracy. Left part: the Debye circuit seg- 

ment (QCSRP). Right part: the interface circuit segment 

(QRPCP). Constant phase angle (CPA): Qj = kj(io)Y 

ing with temperature and the series CPA (Qi) 
decreasing. Furthermore, a, is practically zero 
indicating the resistive nature of Q,. Thus these cir- 
cuit elements do not have the temperature depen- 
dence associated with dipolar reorientations, but 
rather the opposite, as is characteristic of the behavior 
of free charge carriers. 

3.2. Localized motions 

The TSDC spectra reveal several relaxations, and a 
peak due to relaxation of macroscopic space charge, 
which occasionally masks one dipolar relaxation. This 
is due to the fact that the temperature of the 
maximum of the space-charge peak decreases with 
increasing conductivity. A computer program has 
been used to analyse the TSDC spectra. The 
monoenergetic theory for thermal depolarization cur- 
rents is based on the existence of noninteracting 
dipoles, and these dipoles reorient with a unique 
characteristic relaxation time. The experimental 
spectra revealed peak broadening effects. To account 
for this peak broadening, the reorientation energy is 
assumed to have a distribution of width u around a 
mean value E,, due to dipole-dipole interactions. Fol- 
lowing van Weperen et al. [6] we have assumed a 
gaussian distribution of width a. This then leads to 
the following TSDC-formula: 

where T() denotes the characteristic relaxation time, C 

is a constant (wherein the number of dipoles), and B 
the heating rate. k and T have their usual meaning. 
Fig. 6 presents a best fit by this four-parameter TSDC 
formula. Two relaxation peaks can be fitted with high 
accuracy, indicating their dipolar nature. The values 
for E. are 0.30 and 0.50 eV, respectively. The num- 
ber of dipoles involved appeared to be much smaller 
than the value of x in the deliberately doped solid 
solution. The dipoles in the nominally pure LaF3 may 
be ascribed to oxide-vacancy associates. The relaxa- 
tion parameters are gathered in table 1. 

4. Discussion 

At room temperature the anisotropy factor of 
LaF, is about 2. This factor decreases upon increasing 
the temperature. In general, two types of fluoride ion 
site (F, and F2=F3) have been considered in the 
description of diffusive motion. Powder neutron 
diffraction data obtained by Cheetham [7] reveal that 
the dopant BaF, generates vacant Fi sites, table 2. 

According to recent structure investigations of 
pure LaF3 by Maximov and Schulz [9], the F3 sites 
show positional disorder. Furthermore, the main 
diffusion path seems to run along the c axis. This is in 
line with the present observation that the conductivity 
along the c axis exceeds that perpendicular to the c 
axis. In comparison with pure LaF3 the conductivity 
anisotropy of the solid solutions does not change sub- 
stantially. For high solute contents the anisotropy dis- 
appears. Therefore, the present conductivity data do 
not point to a preferential site for the charge com- 
pensating anion vacancy. 

The temperature dependence of the extrinsic ionic 
conductivity of LaF, (figs. 1 and 2) reveals a knee, 
suggesting a classical change-over from a dissociation 
mode to a free-defect conduction mode. However, the 
temperature dependence of the bulk circuit elements 
Qi and C, (fig. 5) does indicate that a dipole dissoci- 
ation model cannot, by itself, account for the obser- 
ved knee, because Q, should increase and Ci 
decrease with increasing temperature. This analysis 
points to a model, in which the fluoride ions inter- 
change easily among different types of anion site in 
the tysonite structure. 

The existence of three different types of anion site 
indicates that in general, the anion conductivity of the 
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Fig. 6. Experimental points and the best fit by a four-parameter TSDC formula with energy distribution. E,, = 0.30 eV, r,, = 
2.5 x 10-r* s-t. 

Table 1 
Relaxation parameters for LaFs and La,_,Ba,F,_, 

T,,,(K) 70 (s-r) J% feV) o(eV) x,(m/oY' xw(m/o)b' 

1 20.3 0.34 x lo-” 0.01 0.012 - - 
2 45.5 0.11x10-s 0.15 0.038 - - 
3 57.7 O.18x1O-9 0.11 0.27 - 

4 114.3 0.25 x lo-” 0.30 0.56x lo-* ;4 0.0 
5 152.8 0.62x lo-‘* 0.50 0.49 x 10-2 0.01 2.73 

a) Relative amount of dipoles present. 
b, Relative amount of Ba*+ ions present. 

Table 2 
Atomic coordinates and fluorine occupancy numbers 

Tysonite structure 
P3cl 

atomic coordinates 

x Y z 

occupancy numbers 

LaF, La,_,Ba,F,_, 

La 0.661 0 l/4 
F, 0.3667 0.0540 0.0824 2.0 1.93 
F2 l/3 2/3 0.1855 0.67 0.66 
F3 0 0 l/4 0.33 0.35 
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Fig.7. Schematic drawing of the exchange model for anion 
vacancies in LaF,. Equilibrium conditions: n,, = nzO. P,n,, = 
P,n,,. Electric field: E,,-E31 =4?ren,,/s, E,,-E,, = 

4ren,,le, .% -E,, = 4ren,,/e. Bulk electroneutrality: 

n,,+n,,+n,,= 0 

material cannot be interpreted in terms of a single 
thermally activated jump probability, as is the case for 
simpler materials. Even if one treats the Fz and F3 
sites as equivalent, at least three different kinds of 
anion jump are possible: F,-FI, F,-FZ and F2-F2. A 
model has now been developed [8] for the small- 
signal bulk ac response of tysonite type materials 
which does lead to a Debye-type of equivalent circuit 
without the assumed presence of dipolar complexes. 

In examining a model of the tysonite structure one 
finds that in the direction of the c axis, and in the 
direction of the bisector of the a and b axes, the lat- 
tice planes occur in the pattern AABAAB, where 
“A” denotes a plane containing only F1 type fluoride 
sites and “B” denotes a plane containing F2 and F3 
type sites, here treated as equivalent. This situation is 
indicated schematically in fig. 7, where zero-field 
transition probabilities PO, P,, P2 and P3 are indicated 
for the different possible jumps of anion vacancies 
between neighboring lattice planes. 

The bulk small-signal ac behavior of LaF, has been 
examined theoretically, using the standard thermally 
activated form for the jump probabilities. The analysis 
leads directly to the Debye-type of equivalent circuit 
(fig. 8) with the circuit parameters given (per unit 
area) by 

C,= E/4771, (2) 

Fig. 8. The theoretical circuit, representing the ac bulk 

R,=IkT 
e2co 

(~2+2~~+2~0)(2+~*/~1) 
X{(~2+2P3)[2bZ(P2+2~3)-4ubI’o]+2P~u2}’ 

(3) 

x{(~2+2PJ[2b2(P2+2PJ-4abPo1+2P;a2~ 

(2+P2/P,+ab/LZ,I)(P,+2P,+2Pc,)2 ’ 

(4) 

R 
b 

_ kT (P~+~P~+~Po)(~+Pz/P~) 

e2co Po(P2+2P,)(u+2b)2 ’ 

where 1 is the thickness of the sample, co is the con- 
centration of anion vacancies, a and b are the dist- 
ances indicated in fig. 7 and I,,,, is the one-mobile 
Debye length for the anion vacancies. 

Since co increases exponentially with temperature 
in the intrinsic region, this model predicts that R1 
will decrease and C, increase with temperature, in 
contrast to the behavior to be expected from the 
presence of bound dipolar complexes. The precise 
temperature dependence of the parameters will be 
determined by the preexponential factors and activa- 
tion enthalpies of the jump probabilities PO,. . . , P3. 
Preliminary studies indicate that (l/R,T) versus 
(l/ T) plots calculated from this model can, to some 
extent, mimic the transition from association to free 
conduction. 

If we assume P2 = 0 and PI = P2 then the bulk con- 
ductance Gb(Rb’) is proportional to P,P,/(P,+ PJ. 
Fig. 9 presents two possibilities for the theoretical 
bulk electrolyte conductivity, indicating that this 
model can explain indeed a knee in the temperature 
dependence of the extrinsic conductivity (fig. 1). 



A. Roos et al. / The small-signal ac response of La,_,Ba&_x 491 

Fig. 9. Theoretical bulk electrolyte conductivity. 

The TSDC spectra reveal in addition to the space- 
charge peak (reflecting ionic conductivity) five relaxa- 
tions. Two of these relaxations have been analyzed in 
detail. The reorientation enthalpies agree with the 
extrinsic conduction activation enthalpies for fluoride 
ion vacancies, i.e. AH,(V;) = 0.46 eV and 
0.26 eV; AH,(E,) = 0.50 eV and 0.30 eV. 

This is to be expected for dipoles containing 
fluoride ion vacancies. For the solid solutions the 
dipoles are of the type (Ba,,V,)“. For the nominally 
pure material the aliovalent impurity is unknown. An 

obvious impurity in these fluoride systems is oxygen, 
the dipole then being of the type (OrV,)“. The pres- 
ent results indicate that the dipolar effects are hidden 
in the conduction phenomena. 
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