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The thermally-stimulated-depolarization-current method is used in order to characterize the dielectric
relaxation processes in LiF crystals doped with Ca®?* impurities. Results on as-grown samples indicate a
space charge and/or an interfacial polarization phenomenon. Thermal perturbation is employed to
release free impurity-cation vacancy dipoles. The subsequent bands are critically visualized and one of
them is attributed to jumps of the bound-cation vacancy via nearest-neighbor paths.

I. INTRODUCTION

A divalent cation is incorporated into an alkali halide
crystal by substituting a host cation, and the excess posi-
tive electric charge of the crystal is compensated for by
the creation of a cation vacancy with negative effective
electric charge. The coexistence of the divalent impurity
and the cation vacancy preserves the electrical neutrality
of the whole crystal. At low temperatures the number of
vacancies is small, due to thermodynamical reasons, so
the majority of point defects is created by doping the host
crystal with foreign ions.

The mutual electrostatic attraction of the impurity ion
and the cation vacancy leads to the formation of an
impurity-vacancy (IV) dipole. The vacancy bound to the
impurity is positioned at nearest-neighbor (NN) or next-
nearest-neighbor (NNN) lattice sites in relation to the lat-
tice site occupied by the impurity. The stabilities of the
NN and NNN IV dipole populations are related to the
host crystal structure and also to the dopant size. In al-
kali halide crystals the NN dipoles establish the major
defect population; NNN dipoles may exist for impurities
with smaller ionic radius than that of the lithium ion.!
The orientation of an IV dipole corresponds to certain
migration processes of the bound-cation vacancy around
the impurity that is assumed to occupy a fixed position,
although, for dopants with small ionic radii, the inter-
change of the impurity with the bound-cation vacancy is
also possible. The rotational motion of the IV dipoles
can be excited by the application of an external dc or ac
electric field. Thus dielectric relaxation studies provide
information about the dynamics of the IV dipoles. Two
parameters are evaluated from such experiments: the ac-
tivation energy E, which is identical to the migration
enthalpy h™, and the preexponential factor 7, of the usu-
al Arrhenius relation that is directly correlated with the
migration entropy of the jumping procedure. The first
characterizes the immediate surrounding of the moving
defect, while the latter characterizes the whole nonper-
fect lattice, i.e., the matrix together with the defects.

The migration process of the bound vacancies in light-
ly doped ionic crystals with NaCl structure is governed
by the host material itself, and, on the other hand, by the
size of the impurity. Therefore, the impurity is used as a
probe sensitive to electrostatic and elastic contributions
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to the migration process. Heavy doping of the crystal in-
duces additional electrostatic and elastic contributions
since the immediate environment of the migrating species
and their frequency spectrum change strongly. There is
experimental evidence that these phenomena, which
dominate especially in alkaline-earth fluorides, are negli-
gible in alkali halide crystals.? In alkali halide crystals
with closed-shell alkaline-earth dopants, with the excep-
tion of lithium fluoride, the experimentally evaluated en-
ergy needed for the reorientation of NN defect dipoles
was found to increase on increasing the ionic radius of
the impurity, and this aspect was theoretically justified. 3
In lithium fluoride the situation is the opposite: a de-
crease in the activation energy is observed,*™ !5 while to
the best of our knowledge, only one model'® considering
certain migration paths and assuming a lattice distortion
around the dipole explains the experimental data provid-
ed by different researchers. The results of the present
work on lithium fluoride with calcium impurities (where
no dielectric relaxation data exist), together with some
previously published works of ours, ! 1> clarifies the situ-
ation for impurities larger than that of lithium.

The Gibbs free energy of an alkali halide crystal is min-
imized by the contribution of the IV dipoles to the forma-
tion of clusters with certain configurations, or of some
larger aggregates. Any kind of formation with nonzero
dipolar moment can be visualized as a single dipole.
Doping, even below the solubility limit, might lead to the
development of new phases: precipitates or vacancy-rich
superstructures. !!” Appropriate thermal treatments can
remove the system from its equilibrium and change the
defect structure destroying certain configurations and
releasing free IV dipoles. )

In a dielectric, apart from the localized dipolar species,
free charges can exist in the bulk. The polarization of a
crystal results in the motion of free carriers, and a transi-
tion from a random to a nonrandom state occurs (space-
charge formation) provided that the mobility of the mov-
ing charges is high at the temperature where the field was
applied. The migration of these carriers can also be im-
peded by some obstacle (i.e., a dislocation, or an interface
separating high and low conductivity areas) that traps
them. The exact mechanisms of such free-carrier phe-
nomena can hardly be understood exactly, and often
speculations (in some cases firmly established) are pro-
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posed. Finally, the motion of free carriers within highly
conductive territories embedded into the matrix can yield
to delocalized dipoles, and the subsequent phenomenon is
called Maxwell-Wagner-Sillars (MWS) or interfacial po-
larization. Up to date work on the dielectric properties
of alkali halides is mainly visualized from a point-defect
viewpoint. Concerning low-temperature space-charge
and/or trapping phenomena, one has to distinguish the
work of McKeever and Huges, !* while interfacial polar-
ization phenomena were thoroughly examined mainly by

Suszynska and Capelletti and her co-workers. 1°~%7

II. EXPERIMENT

A. The method

Since alkali halides are good insulators, the origin of
their bulk electric properties at low temperatures is the
migration of nonelectronic defects. Hence the response
of the bulk crystal to the application of an external static
electric field is due to the migration of the bound-cation
vacancies, provided that they are associated with impuri-
ties or larger complexes with a nonzero electric dipole
moment. Low-temperature space-charge motion should
not be excluded a priori.

The thermally-stimulated-depolarization-currents
(TSDC) or ionic thermocurrent (ITC) method is a high-
resolution technique for electrical characterization of
dielectrics. 223! It is assumed that the thermally activat-
ed rotation of the dipoles is described by the set of pa-
rameters E and 7, which match each other by means of
the usual Arrhenius equation that gives the temperature
dependence of the relaxation time 7:

T=r10exp(E /kT) , (1)

where k is the Boltzmann’s constant. According to this
method an external static electric field is applied to the
dielectric at constant temperature T, usually the room
temperature (RT), for a period of time ¢, much longer
than the relaxation time 7( T,); i.e., sufficient enough so as
to orient the vast majority of the crystal’s dipoles. The
polarized crystal is cooled down to the liquid-nitrogen
temperature (LNT), where the polarizing field is then re-
moved. The crystal remains polarized since the relaxa-
tion time 7(LNT) of the dipoles is then practically
infinite. We short circuit the sample with a sensitive elec-
trometer and raise the temperature, usually at a rate b.
Each kind of dipole will be activated at a certain temper-
ature range, liberating a glow-curve-like depolarization
current which maximizes at a temperature 7,, whenever
the condition

dar _

ar =—1 (2)

is fulfilled.?? If the crystal is heated at constant heating
rate b, this general condition leads to

ETO
k

The equation giving the depolarization current for a

T2=b

exp(E /kT) . (3)
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linear heating rate b is the following:

AP,

— 1 T —EmT
exp( E/kT)expleo fTOe dT

To

(4)

where A4 is the surface area of the sample, and P, is the
initial polarization.

For E>kT, Eq. (4) can be approximated®® by the
analytical form

. . E 1 1
i(T)=i,exp 1+I' ?”‘l‘—'-?
T2 E |1 1
= exp P , (5)

where i, is the peak amplitude.
For a single curve, the relaxation time 7(7) is provided
according to the so-called area method, for the formula
T
[, fitnar
T

7( T):—W)— , (6)

where Ty is the temperature at which the current de-
creases to zero, so an Arrhenius plot (i.e., Int vs T 1)
permits the evaluation of E and 7,

The initial rise part for temperatures up to about 0.1
T,, is approximated by

AP,

i(n= exp(—E /kT) (7

7o
and therefore a logarithmic plot of the current vs 7!
directly gives the activation energy E.

A single TSDC peak permits the evaluation of activa-
tion energy E and preexponential factor 7 for the reori-
entation process with high accuracy. In ionic crystals
these quantities are attributed to a certain jump process,
although this is probably an approximation since
different jump frequencies might mix together.3* The
method provides no information about the symmetry of
the dipolar center, so no conjugation can be made direct-
ly between the peak and specific relaxation mechanism.
On the other hand, in most crystals the existence of a sin-
gle peak is unrealistic. Usually, many overlapping peaks
may appear, therefore several cleaning procedures involv-
ing polarization temperature 7, polarizing field intensity
E,, and poling time 7, are employed. The most well
known of them, such as the peak cleaning, partial heat-
ing, and thermal sampling techniques, provide the energy
spectra. A short description of each method will accom-
pany the experimental results.

B. Experimental details

Lithium fluoride single crystals with a 1072 atomic
fraction calcium as an added dopant in the melt,
developed in Utah’s Crystal Growth Laboratories, were
used. In lithium fluoride it is difficult to introduce large
impurities, so we performed atomic absorption analyses
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that indicated the presence of less than 2000-ppm Ca?™.
In the present system the solubility limit is attained at a
few tenths ppm, 3’ therefore we may conclude that most
of the impurities were in precipitated phases, an aspect
that is certified from our ITC measurements. Samples
1-1.5 mm thick were prepared, and care was taken to
avoid contamination from the moisture.

The samples were placed onto platinum electrodes of a
cryostat operating from liquid-nitrogen temperature
(LNT) up to 400 K. A vacuum better than 10~% Torr
was created by appropriate vacuum pumps. The crystals
were polarized by using a Keithley 700-A dc power sup-
plier. The temperature was measured by means of a
thermocouple fed into the upper electrode that was con-
nected to an Air-Products temperature controller. The
temperature rise was monitored by the controller, and the
desired (constant) heating rate was attained throughout
each TSDC scan. The depolarization current was mea-
sured with a Cary 401 electrometer. Current intensities
of the order of 107 A could be detected. The signals
from the controller and the electrometer were digitized
via an A/D card installed into a personal computer. The
data were computer analyzed afterwards.

III. RESULTS AND DISCUSSION

A. As-grown samples

Ionic thermocurrent measurements on as-grown crys-
tals were performed in the temperature range from LNT
up to RT. This temperature limitation is necessary be-
cause the thermal prehistory of the sample should be
strictly controlled; i.e., thermal cycles must have well-
defined limits. In some crystals the thermal depolariza-
tion current was measured up to 380 K in order to pro-
vide an idea about the existence of relaxation mechanisms
at temperatures higher than RT. Although these crystals
did not exhibit spectra different from the others, we pre-
ferred to keep the temperature of the samples below RT.
The polarizing external electric-field intensity was usually
less than 30 kV/cm, while the heating rate was kept con-
stant and equal to 6 K/min or less.

A typical thermogram on an as-grown crystal is shown
in Fig. 1. The current maximizes at about 227 K and
close to RT (hereafter called the 4 band and HT band,
respectively). The latter is obviously, complex, as a knee
appears at about 270 K. Our interest is mainly focused
on the A band, as it is in the region where the liberated
IV dipoles are activated after a thermal treat-
ment. >~ 11314 This study is critical to the interpretation
of the experimental results, especially for bands appear-
ing after a quenching: The characterization of the mecha-
nism creating the 4 band will strongly support the attri-
bution of the peak(s) observed after quenching to the ro-
tation of IV dipoles.

1. Study of the A band

Concerning the A4 peak, the maximum current intensi-
ty I, together with the total charge Q released (with
some uncertainty due to the overlap with the HT band)

17 717
0.6 1
] HT
]
0.4 7
2((; ]
= ] A
0.2 ]
0.0, Fmrmrmrr
120 170 220 270 20
T (K)

FIG. 1. Thermally stimulated depolarization current emitted
from an as-grown sample polarized at 300 K for 6 min under
the application of an external field intensity 14.7 kV/cm.

are shown in Fig. 2 as a function of different polarizing
field intensities E,. The supralinear dependence gives
some slight evidence that the peak probably does not
originate from a dipolar center. It is important to point
out that any information about the field dependence
should be viewed critically and may not be used as a firm
criterion about the origin (dipolar or space charge) of the
peak. A dipolar dispersion results in a linear dependence
of the peak amplitude upon the field, but the opposite is
not necessarily valid.

The A-peak amplitude decreased as the sample thick-
ness was gradually reduced while the polarizing field in-
tensity was kept the same. This verifies that the corre-
sponding phenomenon is not one of volume. Additional-
ly, the same peak was observed on silver-painted crystals
and, therefore, any contact phenomenon should be ex-
cluded.

3001

FIG. 2. The field dependence of the charge Q released
(squares) and the amplitude 7,, (points) for the A4 band.
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The shape of the peak is rather symmetrical, indicating
either that more than one band strongly overlaps, or that
the equations describing the single peak are not of the
usual form [i.e., for a space-charge peak it is a crude ap-
proximation to accept that it follows Eq. (4)]. In order to
achieve efficient cleaning of the peak, we combined the
partial depolarization method with the proper selection
of the polarizing electric field. The crystal was polarized
at RT for 5 min at such an electric-field value which did
not cause an overlap of the HT with the 4 peak. We per-
formed a TSDC scan up to about the maximum of the 4
peak, and cooled the crystal down to the LNT. The low-
temperature part was therefore partially depolarized, and
a subsequent scan revealed what was left from the peak.
In Fig. 3 we see that we cannot obtain the peak described
in the first-order kinetics equation. A better cleaning of
the peak accomplished by partially depolarizing the peak
twice or more did not alter the symmeterized shape of the
remaining peak. The energy spectra of this mechanism
was evaluated by applying the partial heating technique.
The sample was polarized once at RT, and the TSDC
scan was interrupted as soon as we obtained an initial rise
current, by immediately freezing the sample at a temper-
ature T,. This procedure was repeated many times until
we reached RT by depolarizing the relaxation mecha-
nisms step by step. A logarithmic plot of the current
versus the inverse temperature provides a linear part a
with slope equal to —E /k according to Eq. (7). This ex-
perimental method (in the sense of successively slicing the
TSDC spectra) is not very common in the study of ionic
crystals, probably due to the fact that the ionic thermo-
current is generally low enough in comparison to that
emitted from different kinds of dielectrics such as poly-
mers. In Fig. 4 the activation energies versus the temper-
ature T,, where the sample was frozen are displayed. We
conclude that for the 4 peak (210 < T, <240 K) we have
a distribution around 0.8 eV. Notice that this value is
close to the migration enthalpy of the free-cation vacan-
cy.!2!5 On the other hand, by using Eq. (3) we may have
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FIG. 3. The cleaned A4 band. Proper selection of the polariz-
ing conditions prevented overlap with the HT band. The mech-
anism was previously depolarized up to its maximum.
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FIG. 4. The energy spectrum obtained with the partial heat-
ing method from an as-grown crystal.

a rough estimate of 7, which is found to be around 10716
sec.

Polarization at lower temperatures (but always higher
than the maximum 7,,) did not produce any significant
variation of the temperature 7',, where the current max-
imizes [Fig. 5(a)]. The amplitude of the band gradually
decreased on decreasing T, for the same polarization field
intensity and polarization time. Reaching T,, we ob-
served that this temperature acts as a lower polarization
limit even for long polarization intervals; i.e., we could
not reach any detectable polarization state when T, <T,
even for long polarization times (about 30 min). We no-
tice that the time needed to orient the polarizable enti-
ties, calculated by replacing a mean value of E and 7, in
the Arrhenius equation, was no more than a couple of
minutes. Whatever the uncertainty in determining -the
relaxation time, we speculate that in this temperature re-
gion any kind of localized dipolar center of the usual
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FIG. 5. The variation of the temperature 7,, where the
current maximizes vs different polarization temperatures 7, (a)
For the A peak. (b) For the complex HT band.
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form should be oriented. ]

A careful view in Fig. 6 shows that there is a slight
dependence of T,, on the intensity of the external electric
field E,, keeping constant T, and z,. Keeping in mind
that the heating rate was the same in all these scans, and
that therefore the aspect of a low reproducibility is
definitely excluded, we conclude that this is a feature of
the relaxation process itself. There is a report*® on such
field-dependent phenomena concerning the migration of
free carriers.

The use of insulating electrodes, such as two thin teflon
foils placed between the sample and the metal electrodes
[the metal-insulator-sample-insulator-metal (MISIM)
structure], is expected to produce a shift in the maximum
temperature T,, of a space charge ITC peak.’’ In the
present case, we applied the usual external polarizing
field in a MISIM configuration, but no significant shift
was observed, indicating a dipolar (or, dipolarlike) origin.
We used only 0.1-mm-thick good-quality teflon in both
MISIM and MISM (metal-insulator-sample-metal) struc-
tures, but we did not try thicker insulating foil since this
might cause temperature differences between the metal
electrodes and the sample.

Attribution of the A band to a space-charge
phenomenon is based on the experimental results that
were arranged above: The inadequacy for polarizing at
T,<T,, the supralinearity of the peak amplitude upon
the field, the dependence of T, vs Ep, and the symmetri-
cal shape of the curve. The only opposing point is the di-
polar feature exhibited when we use teflon electrodes.
The temperature region where the A-band relaxation
mechanism is activated is rather low (a few tens of de-
grees below RT). In general, a space charge involves the
motion of the charge carriers at distances longer than the
interatomic spacing, and consequently such a conduction
mechanism is expected to provide a TSDC peak maxim-
ized at relatively high temperatures. But a low-
temperature space charge is quite acceptable, according
to a paper of McKeever and Huges!® concerning a low-
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FIG. 6. The dependence of the temperature T,,, upon the in-
tensity E, of the external polarizing field, where the 4 peak
maximizes.
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temperature space charge in alkali halide crystals.

Our results can also be explained by means of the inter-
facial polarization theory that applies in inhomogeneous
dielectrics. With the assumption that inclusions of highly
conducting material fed into a host material with lower
conductivity exist (in other words, boundaries separating
different constituents of the crystal), one can find physical
arguments for additional low-frequency Debye dielectric
loss (apart from the contribution of each component it-
self).3® Following different approximations one may
derive analytical expressions for the complex dielectric
constant, and a relaxation time corresponding to the
aforementioned response. A thermally activated relaxa-
tion time results in the appearance of a peak in a TSDC
spectra.

In alkali halides certain TSDC peaks were attributed
by Capelletti and co-workers!°™?” to MWS polarization
phenomena originating either from vacancy-rich Suzuki
superstructures or from the highly conductive territories
surrounding the dislocations. These peaks are maximized
at temperatures higher than RT. In rare-earth-doped
alkaline-earth fluorides Suarez et al.’® report a MWS
peak which, for a certain impurity concentration range, is
located at considerably lower temperatures which are
comparable to the maximum temperature of our A4-band.

Specific features of the crystals we used strongly sup-
port the last idea. The inadequacy of dissolving the add-
ed impurity quantity in the solid solution and, therefore,
the presence of strong precipitation, motivates the devel-
opment of a dihalide-precipitated phase! and/or a highly
conductive®® local superstructure, namely the Suzuki
phase.! These vacancy-rich territories are possible areas
where a diffusion process can occur, especially the inabili-
ty to polarize the A peak below its maximum, justifying a
spacelike motion. This agrees with the space-charge
features of the A peak, and the activation energy of 0.8
eV we evaluated experimentally probably indicates the
motion of free vacancies since this value is close to the
free-cation vacancy migration enthalpy. Dipolar charac-
teristics can be stimulated by multiple relations of cation
vacancies bound to different neighbor calcium cations, 25
and from MWS relaxation developing at the boundaries
of the phase. For the case in which a TSDC peak origi-
nates from a MWS phenomenon (usually treated as a di-
polar band), there is no reason to have the usual glow
curve peak shape. We see that the existence of a super-
structure in the host material gives rise to different and
probably correlated phenomena (e.g., the diffusion pro-
fess within a closed area with the resulting interfacial po-
larization).

2. Study of the HT band

The HT band arises from at least two mechanisms.
One of them is present as a knee at 270 K (Fig. 1). Our
experiments show that this complex band is not sensitive
to the material of the electrodes, and so this temperature
region for the present system is not a serious candidate
for the appearance of injection or space charge phenome-
na. In Fig. 5(b), the dependence of the temperature 7,,,
where the current of the dominant mechanism maximizes
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in relation to the polarization temperature 7, shows that
rotation of some complexes takes place at a nonzero di-
polar moment with distribution in the relaxation time.
This distribution can affect the activation energy in the
sense of some mutually interacting cluster formations
or/and the preexponential factor 7, as a quantity sensi-
tive to frequency spectrum changes. In Fig. 4 we may
have an estimate of the activation energies obtained by
slicing the TSDC spectra with the partial heating
method. For reasons explained at the beginning of this
section concerning the thermal prehistory of the samples,
we were limited within RT. We notice that the energies
found are low. One expects that at high temperature the
thermal energy should activate dipolar centers which cor-
respond to higher activation energies, although our
values are in agreement with extensive results for the
high-temperature region.*! Recent research on alkali
halides'®~?7 attributes these bands to MWS phenomena
due to the existence of the Suzuki phase or to the role of
line defects. Thermal perturbation changes but does not
eliminate these contributions, although Raman spectros-
copy indicates the annihilation of the Suzuki phase,?’
leading to the speculation that cluster and/or Suzuki
phase precursor aggregates play a significant role. This is
exactly what we support, because our HT bands are
strongly affected by the quenching procedure: all of the
HT band may be destroyed, or at least the spectra in this
range may be clarified. We observe that this
phenomenon depends on the speed of the quench, and is
related to the problems of the quenching process itself
(see also Sec. II).

B. Thermally treated samples

In the present section we shall deal with the bands that
appear after quenching the crystals. With the aim of li-
berating free IV dipoles from any cluster formation, we
thermally perturb and afterward freeze the crystals. In
such procedure we are trying to produce as many IV di-
poles as possible, and to maximize the size of the subse-
quent TSDC peak. In order to find the best combinations
of annealing temperature and annealing time that li-
berates as many IV dipoles as possible, we tried tempera-
tures ranging from 400 to 600 °C for periods from 10 min
to 8 h. The proper selection of annealing temperature
and time fulfills two purposes: First, from the area of the
(maximized) IV dipole TSDC peak, we may evaluate the
population of IV dipoles existing in the matrix. Second,
we certify that the peak obtained is stimulated by the re-
orientation of free IV dipoles and not by an aggregate, as
a result of an aging procedure that might have occurred
during the annealing.

The stage that follows the annealing is the rapid de-
crease of the crystal’s temperature, usually at RT. This
will freeze the released dipole population unless the freez-
ing rate is low. The annealed crystals are quickly cooled
by placing them onto a copper block, or by dropping
them into acetone or liquid nitrogen to avoid the aggre-
gation of the IV dipoles. The first way is the usual one,
but it has the disadvantage that the sample (which is also
a good heat insulator) is cooled inhomogeneously.’ The
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second method is the best one but is often destructive of
the samples, which oftentimes crack. In this case it is
quite probable that internal stress fields develop into the
sample and affect the rotation of the IV dipoles (which
act as electric and elastic dipoles as well).

In Fig. 7(a) we present a TSDC thermogram of an an-
nealed and quenched crystal. By comparison with the
spectra recorded on a virgin sample (Fig. 1) we see that
the HT is sensitive to thermal treatments, with the simul-
taneous appearance of a new low-temperature band here-
after called the LT band. In the present section we em-
phasize the LT peak. This complex band obtained from
two different experiments on quenched samples is depict-
ed in Fig. 7(b). The polarization conditions are presented
in the figure caption. By performing different cleaning
procedures we found that this complex band consists of
three strongly overlapping peaks with maxima at 189,

127
] o
4 7
] (a) /[
] N
] ! ‘\
~ 8: l’ ‘\
9] b ! \
-+ q ! \
c ] y N
D ] \|
2 ':
\C_)/ 44 i \
4 / \\
/l/ \\\ /
0 FFr e S -
170 180 190 200 210 220
T (K
0.5 7
' (b) .
0.4 1
3 HT
0.3 ]
<C ]
O_ P
~—r 3
0.2 ] L
0.1 3
]
0.0 ]
.0 AR RS AR RS A SRS A AR RS n
120 17 220 320
T (K)

FIG. 7. TSDC thermograms of crystals that have undergone
an annealing and quenching procedure. (a) From a sample that
was polarized at RT. (b) The LT band, which appears after the
quenching. Dashed line: Annealed at 873 K for 1.55 h, and
quenched to RT by placing the sample onto a copper block.
Solid line: Annealed at 873 K for 2 h, and quenched to RT by
dropping the sample into dry acetone. The samples were polar-
ized with E, =17 kV/cm for 4-5 min at RT. Different heating
rates were used to exhibit each mechanism.
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197, and 206 K, respectively. A logarithmic plot of the
initial rise current vs T !, according to the method ex-
pressed through Eq. (7), gives an estimate of the energy
E=0.6 eV for the 189-K peak. Although this estimate is
crude, due to the strong overlap, it provides evidence of
the energy of the first band. Evaluation of the energy pa-
rameters (E and 7,) of each relaxation mechanism re-
quires isolation of each of the peaks.

The first peak (Fig. 8) maximizing at 189 K was isolat-
ed by applying the peak cleaning method; i.e., by per-
forming the usual experimental procedure described in
Sec. II A with the proper selection of polarization tem-
perature and polarization time that will orient only the
dipoles we desire. Figure 8 comes from a sample polar-
ized at 184 K for 5 min which had previously been an-
nealed at 873 K for 45 min and quenched to RT. The
area method permits the calculation of the relaxation
time at each temperature via Eq. (6). A linear relation of
InT vs T™! (Fig. 9) certifies the good cleaning, and that
the simple TSDC equation well describes the glow-
curve-like peak. The energy parameters are included in
Table I. The results are highly reproducible. The max-
imum of the peak does not shift when we use teflon elec-
trodes, while E and 7, remain the same.

The second peak with a maximum at 197 K is located
between the two others (189 and 206 K). For its isolation
the method we successfully used is a kind of thermal sam-
pling. In the usual thermal sampling method, sometimes
called fractional polarization, 3’ we polarize at a tempera-
ture window as we cool the sample, while the subsequent
temperature raise is expected to stimulate a TSDC peak
in the window. An equivalent method*? that polarizes
the desired dipolar species with simultaneous elimination
of undesirable neighboring mechanisms is to polarize at a
given temperature T (in the present case at the tempera-
ture where the current maximizes) for a period of time z,
and, by keeping the temperature T constant, depolarize
for a period t;. Immediately afterward the crystal is
frozen and a TSDC scan follows, giving rise to the relaxa-
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FIG. 8. The first mechanism (189 K) involved in the band de-

picted in Fig. 7. For reasons explained in the text this band is
attributed to the rotation of IV dipoles.
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FIG. 9. The Arrhenius plot of the peak with maximum at
189 K that is drawn in Fig. 8. The linearity certifies the efficient
cleaning, permitting an accurate determination of E and 7.

tion mechanism dominating at the temperature region
around T, provided that we have made a proper selec-
tion of #, and #;. This method provided single peaks that
fit well to the TSDC equation. For the same mechanism
we also successfully applied the usual peak cleaning
method, which again gave a single peak obeying Eq. (4).
In Fig. 10 we demonstrate the result of the peak cleaning
and thermal sampling methods in order to provide an
idea of the efficiency of the first technique. In the first
method we polarized at 187 K for 4.5 min. In the latter,
we polarized at 198-K for 2 min, depolarized at the same
temperature, and immediately after cooled down to LNT.

For the third band located at 206 K it proved difficult
to fully isolate the TSDC band. When the quenched
crystal was polarized at RT, the peak strongly interfered
with the A band referred in Sec. II. A peak cleaning pro-
cedure at lower temperatures (T,=190 K, #,=3 min)
combined with successive partial depolarizations up to
about 199 K was not quite adequate, since the remaining
cleaned peak showed a long high-temperature tail.
Therefore the energy parameters were estimated with the
initial rise method and, more accurately, by performing a
fit to the maximum current /,, and maximum tempera-
ture T,, as input parameters according to Eq. (5). By
means of this fit we may avoid the high-temperature
range (above T,,) where some overlap exists, while the ex-
perimental points used in the fitting are adequate enough.

The area of the complex peak is maximized for a cer-
tain annealing temperature and duration, while longer
annealing results in a gradual decrease, a phenomenon

TABLE 1. Energy parameters of the overlapping low-
temperature mechanisms that appear after quenching the crys-
tals and constitute the LT band.

T, (K) E (eV) To (sec)
189 0.59 1.66X 10714
197 0.98 1.39x 1072
206 0.99 2.22X107%
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FIG. 10. Dashed line: The result of the usual peak cleaning
procedure. Solid line: A modification of the thermal sampling
technique. The details are presented in the text.

that certifies that some IV dipoles are liberated, that for
longer annealing times aging (and probably some cluster-
ing) occurs. The above bands appear in the temperature
region where free IV dipoles can be activated. We believe
that the 189-K peak is related to jumps of the bound-
cation vacancy from NN to NN lattice sites, because the
activation energy of the first band is very close to these
reported for the NN jumps in LiF doped with other di-
valent impurities, while the inverse of the preexponential
factor is quite reasonable in comparison to the frequency
of the transverse-optic mode of the LiF atomic chain.
This attribution is strongly supported by preliminary
measurements of the imaginary part of the dielectric con-
stant performed in the frequency domain,* which reveal
a relaxation mechanism with E=0.58 eV and 7,~10"!!
sec. On the other hand, assuming that NN dipoles are re-
sponsible for the 189-K peak, the area enclosed under
this peak permits us to estimate the amount of these di-
poles, which is found to be much less than 100 ppm. This
result is consistent with information presented in Sec.
IIB.

Accepting that attribution of the 189-K peak to the
jumps of the bound-cation vacancy through NN paths is
physically well established, we may proceed to the evalu-
ation of the vibrating frequency of the real lattice (i.e., in-
cluding defects). We use the so-called ¢B{) model that
interconnects the point-defect parameters for a forma-
tion, migration, or activation process with the bulk prop-
erties of the host material. The cB{) model states that
the ratio s’/h’, where s’ and k' denote the entropy and
the enthalpy, while i = f,m,a corresponds to a formation,
migration, or activation process, is equal to the bulk
property

—PBB +[3B /3T ]p

= B—TBB—T[0B/0T], ’

(8

where B is the thermal expansion coefficient, and B the
bulk modulus of the host crystal. For LiF it was found*
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that F~3X10"* K~!. ITC experiments can also lead to
the evaluation of the ratio s™/A™ corresponding to the
bound-cation vacancy motion. The activation energy E is
identical to A™, while the migration entropy s™ for
NN—NN jumps is given by the formula**

1

"=kl
s n2v7'0

» 9)

where v is the vibration frequency of the migrating de-
fect. By rewriting Eqgs. (8) and (9), we obtain

kln =Fh™ . (10)

VYTo

By replacing 2™ and 7, by the values found for the 189-K
peak (Table I), we obtain v=4.18 10" sec™!. It is
worth noticing that** vio(k—0)=0.92X10" sec™!,
where wvpo corresponds to the long-wavelength
transverse-optical mode.

The two high-energy peaks (197 and 206 K) are
difficult to correlate with some known jump paths fol-
lowed by the migrating bound-cation vacancy. Addition-
ally, prefactors 7, are extremely low. Annealing at 873 K
for about 1 h and subsequent quenching is enough to li-
berate most of the IV dipoles (189-K peak). If the crystal
is annealed at the same temperature for about 2 h the
high-energy peaks also maximize, but not at the expense
of the 189-K peak, indicating that the high-energy peaks
are not due to the aggregation of simple IV dipoles. It is
worth noting from our LiF crystals doped with alkaline-
earth cations that a high-energy band adjoining the IV
peak was observed only in LiF:Ba?*.'* Hence we may
state that the appearance of these high-energy bands
might be related to the large impurity size.

IV. CONCLUSIONS

In the present study we have made an electrical char-
acterization of as-grown LiF:Ca?" crystals by the sensi-
tive TSDC method. We have detected two bands, namely
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0.02

0.00
1
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FIG. 11. The third peak participating to the LT band (Fig.
7). Its maximum is located at 206 K.
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A and HT. The HT complex peak presents the proper-
ties of the peaks detected in alkali halides by different au-
thors. We proved that the A band, appearing in the re-
gion where IV dipoles are usually activated in LiF doped
with a variety of divalent impurities, is not related to a
simple rotation of any dipolar species. It is either related
to a low-temperature space charge or to an interfacial po-
larization involving a diffusion process.

The dynamical properties of dipolar centers released
after annealing and subsequent quenching are also
presented. Certain criteria indicate that the 189-K peak
is stimulated as the cation vacancy bound to the impurity
jumps via NN paths. A collection of the recent data re-
ported shows a slow (in comparison to Ref. 5) decrease of
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the migration enthalpy of the bound vacancy with the ra-
dius of the impurity for impurities larger than the host
cation.
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