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Dislocation polarization and space-charge relaxation in solid solutions Bai „La„Fq+„
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Concentrated solid solutions Bal „La„F2+„,x &0.492, are studied by means of thermally stimu-

lated depolarization [ionic thermal current (ITC)t or polarization [thermally stimulated polarization
current (TSPC)] techniques. At high temperature two peaks are reported whose maxima shift to
lower temperatures as x increases. The energies calculated for these relaxation processes are com-

pared to the enthalpies deduced from conductivity measurements. The first high-temperature peak,
D, has been already reported in a more restricted concentration range and has been attributed to ei-

ther a space-charge accumulation near the electrodes or the polarization of the dislocations present
in the crystal. We show here that it is the highest-temperature peak reported here for the first time
and labeled as peak E which is best related to the displacement of free interstitial fluorines through
the bulk of the crystal; that is, to the building up of a space charge near the electrodes. At low con-
centrations the behavior of peaks D and E is understood if the Debye-Huckel interaction energy
among unassociated defects is taken into account. For the Inore concentrated region (x & 0.05), the
enhanced ionic motion model proposed to explain the variation of the ionic conductivity slopes as a
function of x also applies here; the parameters present in the model are calculated and are found to
be in agreement with those previously reported. The energy difference observed between peaks D
and E is almost constant for x &0.05. This energy difference equal to 0.08 eV is attributed to the
binding energy of the interstitial fluorines forming the dislocation charge cloud to the dislocation
line. TSPC experiments are carried out on the same crystals and they show that peak D is present
in all the TSPC spectra, thus confirming the localized displacement of the charges, while the
highest-temperature peak E is replaced by a steep increase of the ionic current. Therefore, the ori-

gin of peak E observed in ITC must be attributed to the accumulation of charges near the elec-

trodes; tl is, the build up of the space-charge layer.

I. INTRODUCTION

Anion excess fluorite-type solutions Bai „La„F2+„
have been the subject of numerous studies since we first
reported' the existence of an intense peak in the thermally
stimulated depolarization (ITC) spectrum located at high
temperature, the anomalous behavior of which deserved
special attention. This first ITC study was made on crys-
tals doped with LaF3 up to molar fractions x of 0.01.
Then, crystals with x as high as 0.492 were grown and the
resulting solid solutions were studied by means of ionic
conductivity, ac dielectric loss, nuclear magnetic reso-
nance of ' F, neutron diffraction, and ITC. These dif-
ferent techniques can provide detailed information on the
motion of free defects in addition to the localized motion
of interstitial fluorines, F; bound to a single La +, thus
forming nearest-neighbor (NN) or next-nearest-neighbor
(NNN) dipoles. More complicated polarizable defects,
e.g., L-shaped clusters, 2:2:2 dimers, etc., can also be
formed by the aggregation of simple dipolar specie.

The extension of the molar fraction up to x=0.492 has
allowed a more thorough study of the behavior of the
tugh-temperature (HT) part of the ITC spectrum; its com-
plexity has caused varied interpretations related to the ori-
gin of the observed relaxations and to the transport mech-

anisms present in these highly doped materials. ITC stud-
ies on crystals with a doping level 0.001 (x (0.01
showed' that the HT peak was related to the polarization
of the dislocations present in the matrix; that is, the defor-
mation of the charge cloud made of F; that surrounds
the dislocation line. Another way to visualize this polari-
zation is through a Maxwell-Wagner-Sillars model for in-
terfacial polarization. In any of these interpretations, the
movement of the F; under the application of the exter-
nal electric field is limited and the mobile defects are
weakly bound to the dislocation.

Another interpretation of the origin of this same HT
peak studied in a more extended concentration range
(0.0001&x &0.20) has been proposed by den Hartog.
The relaxation of macroscopic space charges accumulated
near the electrodes is held responsible for the HT peak.
Based on the displacement in temperature of the max-
imum of the HT peak, a percolation-type conduction
mechanism was proposed for these concentrated solid
solutions. Above a critical concentration of a few atomic
percent, the individual dipoles are assumed to interact
strongly and a given F; jumping around a La + may
switch to another La + located in the vicinity.

For this same system %'apenaar et al. proposed an
enhanced ionic motion (RIM) to model the composition
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dependence of the ionic conductivity at high concentra-
tions and over a much wider temperature range than the
one that can be explored by studying the HT peak in ITC
experiments.

In this paper we will present new ITC and TSPC
(thermally stimulated polarization current) results on this
same system, BaFz.l.a +, for the whole concentration
range where these solid solutions exist (x & 0.50). We will
focus on the high-temperature part of the spectra and dis-
cuss our results in the light of the different existing
models for the transport processes in these materials.

II. THEORY

In a previous paper the expression for the depolariza-
tion current was deduced in the case of ND dipoles per
unit volume, . each with a dipole moment p, when the
disorientation energy for the dipole was not considered
single valued. An energy distribution around a mean
value Ep was assumed and it was shown that a Gaussian
distribution of width p was the best for fitting the experi-
mental results. With these assumptions the expression for
the ITC can be written as

+ oo

JD(T)= f dE exp
P 7T

where

(E E )2
JD( T,E),

~o E 1 ~, E
JD(T,E)= — exp — exp — dT' exp

Vp b~p

Po =NDp Ep/3kTp Ep is the electric polarizing field, Tz is the polarization temperature, b is the heating rate, and 1 0 is
the inverse frequency factor.

In the same way, the polarizing current Jp(T) describing the build up of the polarization in a TSPC experiment with a
null initial polarization can be written as
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where
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bH (T x)=(bH~ ) p /4kT, — (3)

and it can be calculated from the slope kH of the con-
ductivity plots logio(o. T) versus T '; that is,

b,H = (hH ) p /2kT— (4)

If the concentration dependence of P and (b,H ) is ex-
plicitly written, the slope of the conductivity plot varies
with x according to

C2

2kT

and Pp(T)=NDp Ep/3kT and r(T)=Tpexp(E/kT).
If the high-temperature relaxations are related to the

motion of the free interstitials through the crystal, or to
the carriers that are weakly bound to the dislocations, the
energies involved can be related to the activation enthal-
pies deduced from the conductivity measurements. The
EIM model valid for the high-concentration region,
x )0.05, assuines that, due to the formation of defect
clusters whose number increases with the solute content,
the activation enthalpy for the mobility of the defects is
not single valued, but has a Gaussian distribution of width.

P around a mean value (b,H~(x)). The temperature
dependence of the activation enthalpy can then be written
as

1

where C and h were estimated by Wapenaar et al. and
XH is the true value for the free-defect migration energy
found from an extrapolation to x=0 of bH~ =f(x).

For a more dilute concentration range, the conductivity
is influenced by the dissociation of dipoles, which in-
creases the number of free defects as the temperature in-
creases. The dissociation equilibrium equation then, ac-
cording to Lidiard, must include the Debye-Huckel ener-

gy term, which is due to the interaction between the unas-
sociated defects and their surrounding charge cloud. The
effect of the Debye-Huckel energy results in a decrease in
the slopes of the conductivity plots 1 g po(oi'T)=f(1/T)
for low values of x.

III. EXPERIMENTAL PROCEDURE

A. Crystal growth

The samples of composition Bai „La„F2+„ for
x)0.02 were obtained from the Solid State Department
of Utrecht University The cryst. als were grown by the
Bridgman technique, using a rf coil to melt the mixture of
powders. The crucibles employed were made of graphite
and the cell was made of quartz; PbF2 was used as a
"scavenger" for any traces of oxygen or water vapor, and
Merck Suprapur BaFz, together with 99.9%-pure Alpha
Division LaF3, were the starting powders. The solute con-
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tent of the crystals was determined by neutron-activation
analysis. Neither electron-diffraction nor Debye-Scherrer
techniques showed the presence of precipitates or disorder
in the matrix.

B. ITC and TSPC measurements.

The measuring system is the same for the two tech-
niques, the only difference coming from the sequence of
field application and current recording. When recording
the ITC spectrum, the sample is polarized at a chosen
temperature, Tz, then quenched to liquid-nitrogen tem-
perature (LNz), where the electric field EI is switched off.
Then the temperature is raised at a constant rate, b (which
in our case is -0.1 Ks '), while the electrometer (Cary
401) records the current emitted by the sample. For the
TSPC experiments we start from LN2 temperature, and
with a battery (typically, Vi -50 V) inserted between the
electrometer and the sample we record the polarizing
current (which is opposite in sign to the ITC current) as
the temperature increases linearly (b=0.1 Ks '). In
both cases the cell atmosphere must be extremely clean
with all traces of humidity removed by appropriate traps.

IV. RESULTS AND DISCUSSION
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A. ITC experiments

The results obtained for ITC runs on solid solutions in
the intermediate-concentration range are presented in Fig.
1. The polarizing temperature is 370 K, and all the
curves are normalized for a unique polarizing field and
crystal size. The low-temperature part of the spectrum is
composed of three different peaks, A, B, and C, located at
T~z ——115 K, T~z ——144 K, and T~c ——196 K, and the
intensity of each peak is an increasing function of x for
x &0.02. In addition to these three peaks, the high-
temperature zone shows the presence of two relaxations,
D and E, whose positions shift to lower temperatures as
the solute content increases. In Fig. 2 the results obtained
for the ITC runs of more concentrated solid solutions are
shown. In Table I we report the variation of the positions
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of the current maxima for peaks E and D as a function of
the molar fraction x. One can observe the decrease of
T~~ and T~z with x, although the rates of change of
these temperatures are much lower for concentrated crys-
tals than for dilute ones. The existence of peak E at
higher temperature than peak D and its behavior with in-
creasing concentration is reported here for the first time.
Our previous results' on crystals with x (0.01 did not in-
clude peak E as our experiments at that time did not ex-
plore temperatures higher than 300 K. Thus, the study
was restricted to peak D and its origin was attributed to
the polarization of the dislocations, that is, a displacement
of the charge cloud made of mobile F; relative to the
dislocation line. This assignment was based on the
behavior of peak D after a mechanical deformation of the
crystal. Its position in temperature did not change, but
the peak intensity increased together with the dislocation
density measured on micrographs of the surface of the
sample after an attack with a dilute solution of nitric acid.
The zone around the dislocations can be visualized as in-
clusions with a conductivity different from that of the
matrix, which will result in a Maxwell-%agner-
Sillars —type polarization.

Following our previous identifications, and in agree-

TABLE I. Positions of the maximum current for peaks E
and D in Ba~ „La„F2+„,for the different molar fractions stud-
ied here.

FIG. 2. ITC spectrum of Ba~ „La„F2+„ for crystals with
different molar fractions, Tp ——370 K: + + + + +,
x=0.0237; ~ ~ ~ ., x=0.133;,x=0.492. The scale current
is expressed in arbitrary units.
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FIG. 1. ITC spectrum of Ba~ „La„Fq+„ for crystals with
different molar fractions, Tp ——370 K: - ~ ~, x=0.001;
x=0.01; + + + + +, x=0.0237. The scale current is ex-
pressed in arbitrary units.

(molar fraction)

0.001
0.010
0;0237
0.133
0.138
0.155
0.393
0.492

+MD

(K)

286.7
259.7
232.0
204.4
212.4
201.2
192.8
182.5

TME

(K)

333.8
304.6
273.0
222.9
235.1

230.8
219.1
217.2
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ment with other authors, we assign peak B to the relaxa-
tion of NN dipoles and the more intense peak C to that of
NNN dipoles, which are the more abundant species. This
has been recently confirmed by the results of lattice-
simulation calculations. In BaFz.La + the energy change
upon substituting a La + ion for the host cation to form a
NNN dipole is larger than that to form a NN dipole
( —0.546 and —0.423 eV, respectively).

Peak A, which appears only for intermediate values of
x, can be due to s small cluster such as the L-shaped
La +-F;z which is formed by the trapping of a free
fluorine interstitial at an existing dipole. The defect simu-
lation for the formation of these types of defects shows
that both the linear and bent complexes formed by the ad-
dition of an interstitial fluorine to an NNN dipole are
probable as the estimated energy changes are negative.
However, it is worth noting that peak A is located at 115
K, which is the zone where we have found a peak that we

have attributed to oxygen dipoles in SrF2.La +. When the
samples were oxidized at 1100 K, a narrow peak appeared
at this temperature and its intensity increased with oxidiz-
ing time. Furthermore, quenchings or annealings of the
oxidized crystal left this peak unchanged. In this case we
attributed this relaxation to simple dipolar 0 -F,
species, and this could also be the origin of peak 3 in
BaF2. The intensity dependence on the concentration of
these low-temperature peaks cannot be followed quantita-
tively for the whole concentration range. This is due to
the fact that for x as low as 0.0237 the overlap with peak
D, which is moving to lower temperature, is already signi-
ficant. It is to be noted that the position of the maximum
current of peak D for x=0.492 ( TMz ——183 K) is located
at a temperature lower than the position of the NNN di-

polar peak ( TMc ——196 K). Values published by den Har-
tog et al. for the maximum current temperature for his
high-temperature peak are in excellent agreement with our
values of TMD, thus indicating that their HT peak is the
same as our peak D. These same authors, who studied
crystals with x (0.20, state that the HT peak stops shift-
ing to lower temperatures when the position of the NNN
peak is reached. Their model assumes that the NNN di-
pole is the responsible specie for the percolation mecha-
nism. The existence for higher concentrations of peak D
at temperatures below T~& indicates that the NNN dipole
is not what originates the percolation process. In the wide
concentration range studied here, no relation between the
molar fraction x and the intensities of peaks D and E
could be found, thus indicating that the processes respon-
sible for these relaxations are not directly related to the
doping level of the sample. Furthermore, the crystal sur-
face quality, the dislocation density, and the thermal his-
tory of the sample influence the intensity of these peaks.

In an attempt to transform the positions of the HT
peaks to activation enthalpies that can be compared to the
values deduced from conductivity slopes, we assume that
the shifting to lower temperatures can be accounted for by
a variation in the energy involved in the dipolar relaxa-
tions exclusively. The inverse frequency factor v.o is kept
constant and equal to 2.5&10 ' s for both peaks D and
E. Wapenaar et al. measured for 0, which is the in-
verse frequency factor of their high-temperature relaxa-
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FIG. 3. The dependence of the reorientation energies on the
La + molar fraction x calculated from the position of the max-
imum current: —U—Cl—0—for peak D, —0—O —0—0—for
peak E; Q for the HT peak {Ref.6), + for ~ deduced from
ionic conductivity {Ref.2) and for ddt from dielectric-loss ex-
periments {Ref.3).

tion labeled X, values between 10 ' and 10 ' s. This es-
timate was made after dielectric-loss experiments by plot-
ting logio(~M) versus T '. The variation of TM f (—x—) is
then observed in Fig. 3 as a variation in activation ener-
gies involved in the relaxation of peaks D and E. In this
figure we have also reported the values of EH~ measured
from the slopes of the conductivity plots by Wapenaar
et al. for the same crystals used in the present work.
This dependence of the conductivity activation enthalpies
as a function of x has been confirmed more recently by
Fedorov et al. ' A striking similarity between energy
values deduced from conductivity slopes and energy
values determined from the relaxations D and E is evident
in Fig. 3. This was to be expected, as the high-
temperature peaks are related either to the displacement
of mobile charges that can be restricted to a zone around
the dislocations, or to free interstitials moving through the
bulk of the crystal.

More exact values for the reorientation energies would
have been obtained if these high-temperature curves were
suitable for the computer fitting that we usually perform
on ITC peaks. Unfortunately, several attempts to fit these
curves to a model which includes a Gaussian distribution
of energies failed. One reason for this failure is the diffi-
culty involved in efficiently cleaning these peaks. One
possible way to estimate the energy values was from the
observed T~ and assuming a constant value for so. In do-
ing so we arrive at some interesting results. First, we ob-
serve that for x=0 both hFI~ measured from the conduc-
tivity slopes and the energies estimated for peak E extra-
polate at 0.717 eV, which agrees very well with the value
of 0.72 eV for the migration energy of . interstitial
fluorines determined by Jacobs and Ong" from computer
fitting of ionic conductivity data of BaFz doped with
La +, Na+, and K+. This result is a first indication that
the process responsible for peak E is similar to the one in-
volved for the migration of free interstitial fluorines,
which is measured by ionic conductivity. That is, peak E
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originates by the migration of free interstitials which tend
to accumulate near the positive electrode.

In the dilute zone, in order to explain the steep decrease
of the enthalpy measured by both ITC and conductivity
methods, the Debye-Hiickel interaction hHDH of unasso-
ciated defects must be considered. Lidiard has shown
that for moderate dopant concentration the ideal-solution
approximation must be modified to include the screening
due to the charge cloud surrounding the free defect. This
effect reduces both the mobility and the association ener-

gy hH, of the dipole, thus resulting in a steep decrease of
the conductivity slopes AH, which in the low-
temperature zone can be written as

b,H~ =AH~+ ,' (bH, —b—HDH) . (6)

This Debye-Huckel term, whose magnitude increases
with x in the low- to intermediate-concentration range, is
adequate to account for the observed decrease in the con-
ductivity slopes, and gives a value for the association
enthalpy in agreement with that calculated for the NNN
dipole (0.39 eV). A similar behavior is observed for the
energies related to ITC peaks D and E and the same argu-
ment given above applies. As peak D originates from the
migration of the F; which are weakly bound to the dislo-
cations, forming a mobile charge cloud, the energies in-
volved in this relaxation must change in the low- to
intermediate-concentration range in a similar manner as
bH due to the Debye-Huckel effect. For peak E attri-
buted to the free-interstitial motion through the bulk, the
effect of the Debye-Huckel energy contribution should
also decrease the energy necessary for the relaxation of the
space-charge layer. The difference between the energies of
peaks D and E is easily understood if we consider the
binding energy of the interstitial fluorine to the disloca-
tion lines, which will further decrease the calculated ener-

gy for the relaxation of peak D.
When we reach the concentration region, x )0.05, the

.picture changes as the decrease of the energies of peaks D
and E is much less dramatic than for smaller concentra-
tions. The two lines shown in Fig. 3 are almost parallel;
the difference of 0.08 eV between the two lines is an esti-
mate of the mean binding energy of the interstitial
fluorines that form the dislocation charge cloud bound to
the dislocation line.

Another difference can be observed between the energy
EH, deduced from conductivity slopes, and the energies
determined from the positions of the maximum current of
the two high-temperature ITC peaks. The three of them
hold a linear relation with x. The energies of the conduc-
tivity plots are intermediate among those of peaks D and
E. In the EIM model the conductivity activation enthal-

py b,H~ is described by relation (4). The width of the
Gaussian distribution, if it is due to the monopole-
monopole interaction p, is proportional to the square
root of the monopole concentration x, which, in turn, is
proportional to the total concentration x. This
monopole-monopole interaction between free interstitial
fluorine accounts entirely for the linear decrease of bH
with x if (bH ), the mean value of the Gaussian energy
distribution, is considered fixed. Since in fluorites the
reorientation energies for dipoles are always lower than

the free migration enthalpies in the undisturbed lattice,
b,H, Wapenaar et al. ~ included in their model a linear
decrease of (AH ) with x. Finally, the slope of the con-
ductivity in this region can be written as in relation (5).

The values of h =0.20 eV and C !2kT=0.13 eV for an
average measuring temperature of 450 K were estimated
from the conductivity results reported after an analysis
of the dependence of logio(o T) on EH . Owing to the as-
sumptions we have made in order to convert the peak
temperatures T~D and TIE to ED and EE, respectively,
we have not taken into account the fact that the energy is
not unique and that it has a Gaussian distribution around
a mean value. Thus, the difference between Ez and b,H
is a direct measure of the corrective term in expression (4),
which is proportional to x and is due to the width of the
distribution.

The variation of Ez, expressed in eV, with x can be
written

EE——0.721 —0.12x,

to be compared to

hH =0.714—0.33x .

From the difference of the two curves Ez and bH~
versus x in Fig. 3, the dependence of p~ ~ in eV as a
function of x is found to be

p =0.13' x .

The proportionality factor between p~ ~ and x'~ cal-
culated here is in good agreement with that of Wapenaar
et al. , who found a proportionality factor of 0.1 instead
of 0.13 eV. The values of p found in this way are what
one expects based on our experience of fitting curves to a
Gaussian distribution of energies in a more dilute concen-
tration range. ' From the linear dependence of Ez with
x, which can now be attributed to the variation of
(b,H~ ) with x, we can calculate a value of 0.12 eV for h;
this is somewhat smaller than the value of 0.20 eV found
by Wapenaar et al. , which was deduced from the varia-
tion of logio(o T) versus hH~ in a temperature range from
333 to 500 K. The remarkable quantitative agreement be-
tween our values with those calculated by Wapenaar
et al. for the parameters that are defined in the EIM
model shows that our initial assumptions are adequately
justified. The origin of peak E identified as the relaxation
of a macroscopic space charge is thus confirmed. Peak D
which has been sometimes erroneously attributed to this
process is now more likely to be assigned to a more local-
ized motion of the free carriers.

B. TSPC experiments

In Figs. 4 and 5 we present the TSPC spectra corre-
sponding to the crystals whose ITC spectra are shown in
Figs. 1 and 2. The low-temperature zone shows no differ-
ence with the ITC peaks, even when drawn on a very sen-
sitive scale, as the expected current reversal on the high-
temperature tail of the TSPC peaks is present also in the
ITC spectrum polarized at high temperatures, as we have
reported in detail elsewhere. ' At higher temperatures a
peak which is located at the same temperature as peak D
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FIG. 4. TSPC spectrum of Ba~ „La„F2+„for crystals with
different molar fractions: + + + + +, x=0.005;
x=0.01; ———, x =0.0237;, x =0.133. The scale
current is expressed in arbitrary units and is opposite in sign to
the ITC current.

FIG. 5. TSPC spectrum of Ba~ „La„F2+„for crystals with
different molar fractions;, x=0.138; ———,x=0.393;
~ ~ ~, x=0.492. The scale current is expressed in arbitrary
units and is opposite in sign to the ITC current.

in the ITC spectra shows the same shift to lower tempera-
tures when x increases. Beyond peak D a steep increase
in the current due to the ionic conductivity of the sample
is observed in the region where peak E occurs in the ITC
spectrum. A comparison between the two kinds of experi-
ments allows one to distinguish between localized phe-
nomena, such as the dipolar relaxations due to the reorien-
tation of NN and NNN dipoles, or to small polarizable
clusters, or the relative displacement of the charge cloud
around a dislocation and delocalized ones such as the
free-interstitial-fiuorine migration through the bulk of the
crystal. Due to the fact that peak D is observed in both
spectra, we cannot attribute it to the delocalized process
that involves motion through the bulk of the crystal. Our
assignment of peak D as being due to the restricted
motion of the charge cloud relative to the dislocations is
in total agreement with the existence of a relaxation peak
in both ITC and TSPC spectra. On the other hand, peak
E, which does not exist in the TSPC spectrum, is the one
that must be related to the space-charge relaxation in the
crystal as it is a nonlocalized motion of carriers through
the bulk of the sample.

V. CONCLUSION

Our results on highly concentrated solid solutions of
Ba~ „La„F2+„- have shown a complex high-temperature
spectrum which has not been reported before. There exist
two high-temperature relaxations with very similar
behavior in the ITC spectra; the persistence of only one of
them in the TSPC spectrum of the same crystal, and the
subsequent rise in the current in the zone where the

highest-temperature peak was located in the ITC spectra,
confirm the localized character of the relaxation process
that originates peak D. This peak is the only one report-
ed, to the best of our knowledge, by previous authors, and
often attributed to space-charge accumulation. We have
shown that if we transform the position of the ITC peaks
to activation energies, the dependence of peak E as a
function of x can be nicely explained in terms of the EIM
model proposed by %'apenaar et al. The two zones ob-
served in the slopes of the ionic conductivity are repro-
duced here, and information about the concentration
dependence of the migration energy of the free interstitial
fluorine can be gathered. The values obtained for the pa-
rameters C and h of the EIM model are in excellent
agreement with those previously reported from the
analysis of the conductivity results. The broadening of
the energy distribution is also perfectly in line from what
we know from the dilute concentration range. Thus we
have established that the space-charge peak occurs in
these highly concentrated solid solutions together with a
lower-temperature peak which is related to the disloca-
tions present in the crystal, in agreement with our previ-
ous assignment. ' The energy difference between the two
relaxations can be used as a measure of the binding energy
of the interstitial fluorines present in the charge cloud to
the dislocation lines.
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