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A computer program has been written to analyze ionic-thermal-current (ITC) peaks. The reorientation energy is
assumed to have a distribution of width 0 around a mean value E,. The relaxation parameters E„o,r, and the
number of dipoles E~ are calculated by two different methods. One set is obtained after a least-squares fitting of the
experimental data was performed and another set by matching a set of experimental parameters chosen with a
certain criterion. The two methods are applied to analyze SrF,:I.a ITC spectra in the cases of the monoenergetic
model, the I.orentzian, and the Gaussian energy distribution. The Gaussian distribution for the reorientation energy
gives the most credible results, provided that the curves are eNciently cleaned. Only in this case do the two methods
converge to the same set of relaxation parameters; the value of a is then an increasing function of the nominal
concentration and not of X~. The origin of the curve broadening is discussed in terms of dipole-dipole interaction,
and it is shown that this eAect alone is not responsible for the energy distribution. Moreover, evidence of the
presence of satellite peaks on each side of the main relaxation peak is presented. These satellite peaks explain the
need of analyzing only efhciently cleaned curves for obtaining reliable results.

I. INTRODUCTION

In 1964 Bucci and Fieschi introduced the ionic-
thermal-current technique (ITC) which is a power-
ful tool for studying the electric-dipole relaxation
in ionic crystals. The electric dipoles present in
a crystal are mainly due to the different types of
defects in the lattice, For example, in fluorite
crystals doped with trivalent cations R' (R" being
La, Ce, Pr, Nd, Sm, Gd, Ho, Tm, and Y), it is
well known that the compensating defect is an in-
terstitial fluorine ion F,. If these ions are in the
vicinity of each other, we will have NN (nearest-
neighbor) or NNN (next-nearest-neighbor) dipoles.
In these structures several other types of larger
defects have been postulated such as dimers, '
tetramers, ' and 8" F,, complexes. 4

During an ITC warmup, the values of the current
as a function of the temperature are reproducible
for similar experimental conditions, such as po-
larization time, temperature and electric field,
and heating rate; the critical features of the ITC
curve such as the. temperature of the maximum
current, and the height and width of the curve,
are found to vary by no more than 2' from run to
run. From the ITC spectrum, using the Bucci
and Fieschi equations, one can obtain the values
of the relaxation parameters, Z {the activation
energy for the reorientation of the dipole respon-
sible for the relaxation under study), ~0 (the in-
verse frequency factor), and N~ (the number of
dipoles of each species present. in the crystal if
we assume an undistorted point ion model for cal-
culating the dipolar moment). The main difficulty
is to assign to each ITC peak a specific dipolar
relaxation, especially if more than one peak is
present in the spectrum.

Another difficulty comes from the overlapping of
two neighboring peaks. It is then necessary to
'clean" the curve either by partially discharging

the low-temperature tail of the composite curve
and/or choosing carefully the polarization tem-
perature to preclude polarization of the high-tem-
perature species. From these clean peaks the
values of E and 7, are determined. Our experi-
ence on CaF, (Ref. 5), SrF, (Ref. 5), and BaF,
(Ref. 6), doped with trivalent cations of the lan-
thanide series and Ys', shows a systematic dis-
agreement between the experimental clean ITC
peaks and the Bucci and Fieschi theory, a dis-
agreement which is well outside the experimental
uncertainty. A typical case is shown in Fig. 1,
A similar departure from the theoretical expecta-
tion has been reported already in several articles
from Den Hartog's laboratory, using doped SrF,'

(Ref. 7) and CaF, (Ref. 8). These authors have
found that the agreement of the calculated curve
with the experimental points may be greatly im-
proved by assuming that the reorientation energy
is not single valued, but has a Gaussian distribu-
tion with a small width (o ~ 3 &&10 ' ev) around a
mean value Fo. They perform a four-parameter
least-squares fitting (E„o,7'„N~)by using the
Marquardt method. The assumed energy d'istribu-
tion has been attributed by them to the electro-
static interaction between dipoles and also to con-
tributions from elastic lattice deformations. The
dipole-dipole interaction was first introduced by
Shelley and Miller' in order to explain the broad-
ening of ITC curves observed in powdered samples
of CaF, :Na'. They conclude that dipole-diyole in-
teraction is one possible explanation for some of
the complexities of the ITC spectra.

The purpose of this paper i,s to investigate the

8009 1981 The American Physical Society



3010

E l( (2)
-El dT' ~~( aT"J.J(T)='

—,
' exP kTI'I' bT. .0

larization f» ""P ls the equlli .
temperature

' 'brium po awhere o

olariz atroryst» at
P is given

effec zv

or ubic crystals

(3

I

F-. 2at. %La

R FIGUERoUARE Z, AN DM PUMA ~E I AREDO

-1

500—

200—

IOO—

t
'&i~i~l-

I80I60l40
RRTURE (K)TEMPE

and th cor-~ ~ p pFIG. 1. n

of +2 arbitrary cuuncertainty o

I20

ula ' 'b tion in the energy
has on the ag

t d ITC curve.he calcula e
0 and Yo

points and t
f alues of Eo,een that severa 1 sets o v

me experimental
the riteria sed in

C
points, p

on the me o
pe

cieptly clean ed" peaks y c
r the reorxen'entation energy.distribution for

II. THEORY

etic theory for ITC introduced
' tence ofd Fieschx, 'is base

lume, each1 it ola gin dipo es luD

ith dipole mom p. . eswi m
with a unique c a

(&)=7 exp
(kT&

tate, at a tempera-If one ahas a partial yi oriented sta e,
r stal has a po

lied electric xeof an app ie
current density is

h

E and E+ dF. , can be wrywritte

(4)P(E, T)dE =E =P(T)D(E)dE .
t density of thecurrent densTh contributco

dipoles in isthis energy interv
T ls

g 'ljP(E, 0)dE
)

x exp—

1 rr it roduced by the crystal
t in the follow-e T can nowat temperature

ing way.

f E
dE D(E) exp~ —

„

J(T)=—,'

r
dT' exp-x exp-

@&~o ola

where

dE P(E, 0}Po=

e ression (3).P is givenby exprthe value of Ppand
I order to eval uate Z(T a co

the following possl-ich allows forwas written whic
f arameters Zp p,)

the ITC curve forp
set of experimen(b) given a se o

NDp ~x for kT&» W~e &
Po= 3aTp

.
d olarlzatlonexternally aPPwhere q& is the

nn constant.the Boltzmann
perimen-

field an
ted already~ th e clean ex

re en-
we have sta e

'te crystals are g

sw
en by fluorl e

ith the
tal ITC curves g~ve

lculated w&"curves caeral y w1 ider thm th
f r broaden&ngtlined above

that the re-
model ou in

curve ls to assume a
thas a

e
' entation energy

lue E, as has's r» round a va u , as' stribution D(E a
ian distribution yone for a Gaussian

p

tivation energy ies
th"....

o
' '

(E T)dE, whic is
1of dipoles whoset e number o

n



ANALYSIS OF THK IONIC-THERMAL-CURRENT PEAKS %ITH A. . .

form of D(Z) and p, it computes the best set of
values for Ep +p (7 the width of the energy distri-
bution and N~ using a least-squares fitting (LSF);
(c) given a set of experimental parameters, chosen
with certain criteria, it computes the best set of
values for Ep, a., 7p, and &~, that best-matches
these experimental parameters. (As the LSF
method generally gives different set of values
corresponding to very closely spaced minima,
we have made sure that the values for the relax-
ation parameters reported here correspond to the
absolute minimum. ) The set of input parameters
is the following: The temperature at which the
maximum current occurs T„,the maximum in-
tensity of the current I„,the reorientation energy

E, calculated fr'om the low-temperature side of
the experimental curve between two temperatures
T,- and T&, the width of the ITC experimental curve
at a certain height, typically 0.2I~, the linear
heating rate 5, and the electric dipolar moment

This method will be referred to from now on
as the EPF method.

The input energetic parameter E, is obtained
from the variation of log I as a function of 10'jT
as is shown i.n Fig. 2 for SrF,:La'. This figure
is representative of many ITC peaks. The slope
calculated between T, and T& gives a value for the
energy F., within 1/o or better. T, and Tz a.re
chosen by a linear regression program so as to
maximize the correlation factor between the ex-
perimental points. The minimum number of points
to be considered is imposed by the user. In this
work the minimum number of data points con-
sider ed was nine points with a density of one
point per degree. The obtained value for Z, would

I l I

0

not depend on the choice of T,. and Tf if the energy
is single valued and Tf «T~. Actuallyy E, de-
pends on the choice of T,. and T&, if after the fit-
ting, we calculate the slope of the current curve
between these two same temperatures, the same
value for the energy should be obtained.

Besides the relaxation parameters E„a,7'„
Rnd N~, the program yields the value of the mean-
square displacement 4 which is a measure of the
quality of the EPF method. For a given peak the
4 obtained in this way is not necessarily the 4 ob-
tained with a least-squares fitting. The parame-
ter C is defined as C =-I„'Q,.[(I',„",—I&,"„)']j(N'

N )1/2

III. RESULTS

In our laboratory the kind of analysis described
above has been systematically applied to ITC
curves in the systems BaF,:R' (R'" being La, Ce,
Pr, Nd, Sm, Gd, Ho, Tm, and Y),' SrF, :La, and

CaF, :La,' all of these systems yield satisfactory
results. In the case of BaF2 crystals, the ITC
spectrum presents two relaxation peaks overlap-
ping to some extent. An efficient cleaning of the
curve was performed before making any relaxation
parameter determination. For as given CaF, :La
crystals, a simpler spectrum with a single peak
is obtained. The intensities involved here are
very low and prevent any attempt of cleaning the
curves efficiently. In SrF2:La the spectrum is
composed of two nonoverlapping curves, the low-
est-temperature peak (T„=158 K) being approxi-
mately 20 times more intense than the other (T~
=219 K). This intense peak has been attributed
to the. relaxation of NN dipoles, whereas the sec-
ond peak has been assigned to a cluster. ' Because
of this isolated peak, SrF, :La seemed to be the
appropriate system for a thorough analysis and
comparison of the different methods used to obtain
a set of relaxation parameters from Rn ITC relax-
ation peak.

The dipolRr peak shown in Fig. 3 before clean-
ing [curve (a)], does not appear to depart signifi-
cantly from the shape predicted by the monoener-
getic model. Curve (b) in Fig. 3 shows the same
peak after an efficient cleaning has been per-
formed.

~00=:
I I I I i i

9 8 7 6 5
1000/T (K"I

FIG. 2. Variation of log I versus 10 /T for an ITC
peak given by a crystal of SrF2. Las'. T& and T& indicate
the temperature range chosen to evaluate E~. The ex-
perimental points (000) have an indetermination of +2
arbitrary current units.

A. Results using the monoenergetic model

The ITC curve shown in Fig. 3 [curve (a)], was
fitted assuming the monoenergetic model, using
the two modes of operation of our program. The
LSF Rnd EPF modes gRve significRntly different
values for the energies and &p. For the two analy-
ses, the parameters obtained for a crystal with a
La concentration c, expressed in mole fraction,
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FIG. 4. Variation of the reorientation energy as a
function of the nominal impurity concentration in SrF2.
La3', assuming 0=0. OOO: Clead peaks, EPF mode;
OQG: unclean peaks, EPF mode; Eh': unclean peaks,
LSF mode.
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FIG. 3. The low-temperature ITC peak for a SrF2. 5
&& 10 La ' before [curve (a)) and after [curve (b)J an
efficient cleaning. Curve (a) corresponds to a polariza-
tion temperature higher than Tz while curve (b) cor-
responds to a polarization temperature of 152 K and was
partially discharged up to Tz. The uncertainty of the
data is +2 arbitrary current units (I~,=2.44 && 10 ' A).

of 5 x 10 ' are E = 0.436 eV, ~p= 3.8 x10 "sec,
4 =2.50x10 ' and 8=0.409 eV, &p=3.1x10"sec,
and 4= 3.67&10, respectively. It can be seen
that for the case of the LSF mode, the value ob-
tained for 4 shows a better agreement between
the data and the model than for the case of the
EPF mode. Moreover with the EPF mode, the
calculated curve is wider than the experimental
one for uncleaned peaks.

A cleaned curve [e.g., curve (b) of Fig. 3] for
this same concentration was then fitted. The LSF
mode usually gave values of the energy lower than
the EPF mode. The results are E=0.450 eV, &p

=1.6x10 ' sec, and @=3.07&&10 ', and 8=0.462
eV, ~p=6.4x10 ' sec; and 4=3.24&10 ', respec-
tively. In Fig. 4, the values of the energies ob-
tained for concentrations ranging from 10 ' to 5
&&10 ' are shown for cleaned and uncleaned peaks
and'for different modes of operation of our pro-
gram, assuming that v =0.

C. Results using a Gaussian energy distribution

A Gaussian energy distribution of the form

D(E) = exp I—
1 i (E —Eo)

~o k 2& )
was then tried. In the EPF mode this distribution

TABLE I. Relaxation parameters obtained for SrF2. La
with a Lorentzian energy distribution. (LSF mode).

(ev) (10+ eV)
70

(10 '5 sec)
4

(10 3)

ITC peaks. The LSF mode gave, in both cases,
the best mean-squares displacement 4, of all the
other fittings performed using different expres-
sions for D(E). The relaxation parameters are
shown in Table I for SrF, doped with 5&10 ' La'.
It is worth noting that if one calculates the energy
E„givenby the rise of the calculated curve be-
tween the same values of T; and T& which were
chosen for calculating E„the difference 4E =8,
—E„canreach 0.08 eV, which is far beyond the
precision of our energy determinations. Also the
values obtained for the inverse frequency factor
are, in general, much too small (by approximately
a factor of 100) to have a physical meaning. Now,
if we want the value of 8, to be equal to F.

„

the
program should be used in the EPF mode. In this
case, however, it was found that the program was
never able to fit simultaneously both the low-tem-
perature side and the width of the ITC curve.

B. Results using a Lorentzian energy distribution

The Lorentzian energy distribution D(E) =on '/
[(E E,)'+ o'], wher—e a is the half-width at half-
height, was used for fitting cleaned and uncleaned

0.505
0.540

Unclean cur ve.
Clean curve.

3.7
4.5

2.1
0.19

2.11
1.39
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was used to analyze only clean relaxation peaks,
because the width of the unclean peaks was larger
than the one'calculated for o =0. The results ob-
tained for the values of Eo, 0, &0, and 4 are shown
in Table II as functions of the nominal lanthanum
concentration of the SrF, crystals. For each con-
centration, the LSF method was also tried and the
relaxation parameters obtained for very efficiently
cleaned peaks were equal to the ones obtained with
the EPF method within the precision of our tech-
nique.

IV. DISCUSSION

The discrepancy in the energy values for 0 = 0
in the EPF mode reported in Fig. 4 depends on
the cleaning of the curve and the impurity concen-
tration of the crystal; this shows the need of an
efficient cleaning before any energy determination,
even if the unclean peak does not seem to have any
complicated structure, as it is the case for
SrF, :La [see Fig. 3(a)]. In the LSF mode the
same kind of discrepancy exists but the difference
in the energy values of clean and unclean peaks is
smaller, although nevertheless significant. More-
over the uncleaned curves analyzed in the EPF
mode (in which the low-temperature side of the
curve is heavily weighted) give the smallest values
for F.; this indicates that some structure must be
present in the ITC peak.

As we have seen above, . the experimental clean
curves can only be consistently described with the
nonmonoenergetic model. The existence of a dis-
tribution of activation energy has been previously
attributed to dipole-dipole interaction. ' In order
to evaluate the magnitude of this interaction we
used a Monte Carlo calculation for a system of N
point dipoles (N= 10'}occupying fixed random
positions and orientations, chosen from those al-
lowed in the fluorite structure. This calculation
was performed for various impurity concentra-
tions. The resulting energy for a dipole i in the

field of the N-1 remaining dipoles can be written
N

Z3r, ,(p, .r, , }—p, ,

where p, is the dipolar moment of the ith dipole,
y,-,. is the distance between the i th and the jth di-
pole, z, , is the unit vector in the direction of r,-, ,
and the'summation is performed over all the j val-
ues except j= i.

The results for BaF, with 10 ' impurity concen-
tration and for the case of NNN dipoles are shown
as a histogram in Fig. 5. This histogram looks
very similar to that obtained by Van %eperen eg.
a/. in Ref. 10. It can be easily seen that the histo-
gram is well described by a Lorentzian distribu-
tion which is drawn as 3, solid line in the same
figure. This motivated the previously described
use of a Lorentzian energy distribution to fit the
ITC data. The results described in the precediqg
section show that this distribution provides the
lowest values for 4. However, the low values ob-
tained for v'0, and the inability for the program to
fit simultaneously both the low-temperature side
and the width of the ITC curve make the use of this
energy distribution unreliable for obtaining a set
of relaxation parameters from the ITC peaks.

Concerning the Gaussian distribution, there is
still a discrepancy between the results obtained
with unclean ITC curves when analyzed by the EPF
and LSF methods. The results obtained from ei-
ther method should converge to the same set of
values if the distribution energy is purely Gaus-
sian. This lack of convergence can be best visu-
alized in Fig. 6. In this figure, the variation of
&F.=E,-B„obtained using the LSF method, ver-
sus the nominal impurity concentration is repre-

I I I I I I I I

200-

TABLE H. Relaxation parameters obtained for
SrF2-.La with a Gaussian energy distribution (EPF
mode).

150-
LIj

100-

~Q

(e% g.o-' eV)
TQ 4

(10 sec) (10 3)

50-

104
10

2 x10
5 x10

10
2 x102
5 x102

0.474
0.467
0.470
0.463
0.485
0.489
0.492

0
0
2.0
2.5
5.8
9.1

11.0

2.3
2.9
3.3
6.3
1.4
1.0
0.9

3.32
3.09
1.76
2.86
3.17
4.60
4.10

-I -2 0 2
ENERGY (10 eV)

FIG. 5. The histogram is the result of a Monte Carlo
calculation of the energy distribution due to the dipole-
dipole interaction for 103 randomly quenched dipoles in
a fluorite structure with a dipole concentration of 10 3

(mole fraction). The solid line represents the Lorent-
zian which has the same width at half-height.
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FIG. 6. 4E=E,—E, versus nominal lanthanum con-
centration in SrF2. E, was obtained with the LSF
method.

sented. The value of E, was obtained by perform-
ing an LSF calculation with a fixed value for Eo.
This value is the average value of the reorientation
energies shown in the second column of Table 'II,
The fact that &E has a positive value indicates that
the low-temperature tail of the experimental curve
presents a higher contribution to the current than
what is expected if the energy distribution is purely
Gaussian. One possible interpretation is that this
effect can be due to the existence of satellite peaks
besides the central peak. This central peak is the
one which remains after an efficient cleaning of
the curves. The satellite peaks are clearly visi-
ble in Fig. 3 of Ref. 11, in the case of BaF,:La".
In the case of SrF,:La", these satellite peaks
were seen after a very careful choice of polariza-
tion temperature and time.

Now, the question arises as to whether the in-
clusion of a distribution of activation energy is
necessary to describe the experimental curve, or
if the existence of these satellite peaks is suffi-
cient to account for the observed broadening of
efficiently cleaned curves. In Fig. 7, we have
represented the variation of o (which is a measure
of the broadening of the curve) obtained in the EPF
mode and for a Gaussian distribution of activation
energy as a function of the nominal impurity con-
centration in SrF, :La". These o were obtained

after exactly the same cleaning procedure. Now
if one supposes that the contribution of the satel-
lite peaks to the total intensity is related to the
intensity of the main relaxation peak, then two
situations can be thought of. First, if the relative
intensity of the satellite peaks to the main peak is
conserved as the doping level increases, then the
widening of the clean curves should not vary with
dopant concentration; o should be independent of
the nominal impurity concentration, which is not
the case as canbe seen in Fig. 7. Second, if the
intensity ratio is proportional to the impurity con-
centration in dipolar form c» then cD should have
a similar behavior to the one shown in Fig. 7. In
Fig. 8 we have plotted the variation of c~ versus
the nominal concentration of La"; cD was calcu-
lated from the height of the unclean curves using
the method described previously by us. " As one
can see, eD is not an increasing function of the
nominal concentration and presents a maximum
between 10 ' and 2 &&10 ' in a region where 0 is
definitely increasing. The evidence just discussed
justifies the necessity to take into account the dis-
tribution energy in addition to the existence of
satellite peaks. Another fact that points in this
direction is the behavior observed in Fig. 6 for
the variation of &E versus c. The decrease of
4E as c reaches higher values can be explained
by the widening of the main peak. The value of
bZ =Z, -Z, (between T, and Tf) for .unclean peaks
should be zero in the absence of satellite peaks.
If we start from low concentration, as 0 and c~
are small, most of the intensity is due to the
main peak and in the region chosen by the pro-
gram to calculate F.

„

the contribution of the sat-
ellite peaks is not significant and &E should be
small. As the concentration. and 0 increase, we
first expect an increase in &F. because the contri-

I I I I I I I li 1 I I I I I 1 11 I I 1 I I I 1 1
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FIG. 7. Variation of g as a function of the nominal
lanthanum concentration in Sr F2 for clean peaks, using
a Gaussian energy distribution.

5 I I I I I I I II I I I I I I I II I I I I I I I 1,

10-4 103 10 2 10
IMPURITY CONCENTRATION

FIG. 8. Variation of the lanthanum concentration under
dipolar form versus the nominal lanthanum concentra-
tion. (The error bar on the dipole concentration is of
the size of the open circles. )
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bution of the satellite peaks becomes more im-
portant; and second, as 0 still increases, the
widening produced on the main relaxation peak
diminishes the effect of the satellite peaks in the
region where 4E is calculated and the value of &E
decreases. Therefore &E versus c should present
a maximum as shown in Fig. 6.

Another consequence of the existence of a dis-
tribution energy is the correction resulting from
peak broadening that should be made on the values
of I„,the maximum depolarization current, used
to calculate the number of dipoles N~ responsible
for a given relaxation peak. In the case of SrF,:La,
with c= 5&&10 ', this correction produces an in-
crease in the value of Ã~ of 17'. This is due to
the fact that the area under the ITC curve pro-
duced by a constant number of dipoles N~ is con-
stant. The widening of the curve then produces a
decrease in the height of the maximum, which can
be evaluated.

V. CONCLUSIONS

In this paper we have shown, by comparing two
methods of analysis of the ITC curves (EPF and
LSF modes) the necessity of using very efficiently
cleaned curves when performing a computer de-
termination of a reliable set of dipole relaxation
parameters. Such a cleaning procedure has not
been used in the computer fittings done by previous
authors. A relaxation peak can be considered ef-
ficiently cleaned when analysis with the EPF and

the LSF modes produces equivalent sets of relax-
ation parameters.

We have shown that in the case of SrF, :La there
are contributions to the main relaxation peak from
hidden satellite peaks. This main relaxation peak
is, in addition, broadened by a distribution in the
reorientation energy, whose width 0 is an increas-
ing function of the nominal impurity concentration
in the crystal, and not of ca. The dipole-dipole
interaction calculated with a model of a quenched
random configuration of dipoles does not a.ccount
for the Gaussian distribution observed in SrF, :La,
as the histogram is described by a Lorentzian dis-
tribution. Even if we do not exclude the fact that

the Gaussian form of the energy distribution could
be produced by a more realistic model of mobile
dipoles, we observe that the behavior of the width
of the distribution does not follow the variation of
the number of free dipoles in the crystal. There-
fore the dipole-dipole interaction alone cannot be
responsible for the calculated o values. Another
effect that could produce a distribution of energy
is the deformation induced in the lattice by all the
types of defects present in the matrix, as the vari-
ation of o is strongly correlated to the nominal
impurity concentration of the crystal (e.g. , strains
due to aggregates and higher dislocation densities
produced by higher solute concentrations).

Several possibilities can be thought of to account
for the existence of the satellite peaks. The in-
terstitial fluorine ions can follow different paths
for reorienting, giving rise to different relaxation
parameters that should produce closely spaced
ITC peaks. Also, the position of the La cation
could be off center of the normal fluorine ions
cube, as has been determined by Aalbers and
den Hartog" in SrF,:Gd. The impurities, being
in an off-center position when the crystal is po-
larized, produce dipoles of slightly different
lengths. These dipoles would then yield satellite
peaks on each side of the central relaxation peak
which will be the most intense peak.

In conclusion, in this work we have shown that,
in systems of the type described here, the analy-
sis of the experimental results using the Bucci
and Fieschi model can only be a zeroth-order ap-
proximation. A more realistic model must allow
for an energy distribution of width 0 and to the
existence of satellite peaks that in some cases can
only be evidenced by a thorough analysis as the one
described here.
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