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The ionic conductivity of SrF, doped with various concentrations of Nd** and Tb®, as well as of

nominally pure SrF, crystals, was measured in the extrinsic region.

The conductivity was

found to increase with the concentration of the dopant, and was attributed mainly to F~ inter-

stitials.
Nd-doped samples.

these rare-earth ions and the F- interstitials.

The conductivity of the Th-doped crystals was considerably higher than that of the
The difference is attributed to the difference in association between
The effect of x irradiation at 80 °K on the ex-

trinsic ionic conductivity was investigated. The x irradiation caused a decrease in the con-
ductivity of the pure and the slightly doped samples, but did not notably influence the conduc-
tivity of the heavily doped specimens. The activation energies were not affected by the x

irradiation.
was restored.
terstitial ions transformed to F° atoms.

After annealing to about 600 °K, the original conductivity of all the x-rayed samples
It is assumed that, as a result of the x irradiation at low temperature, F- in-
During the heating of the samples, these atoms re-

combined with electrons trapped at the sites of rare-earth ions and reformed F~ inter-

stitials.

I. INTRODUCTION

The electrical ionic conductivity and its tem-
perature dependence provide a convenient tool for
the study of defects in ionic crystals.

It is known that alkaline-earth fluorides, doped
with trivalent cations, contain F~ interstitial ions.
These interstitials compensate for the excess
charge of the trivalent ions, which occupy sites of
divalent cations in the lattice.'? The ionic con-
ductivity of the doped crystals in the extrinsic
region is due mainly to the motion of these inter-
stitials. Croatto and Bruno® measured the ionic
conductivity of SrF,: LaF;, and found an activation
energy of 1.06 eV-for the F~ interstitials’s motion.
Barsis and Taylor * found an activation energy of
1.0+0.03 eV for the ionic conductivity of pure SrF,
in the extrinsic region, but they could not deter-
mine whether the charge carriers were F~ inter-
stitials or vacancies. The contribution of the ca-
tion sublattice to the conductivity was found to be
negligible, 5

In the present work the ionic conductivity of SrF,
single crystals, doped with rare-earth ions of var-
ious concentrations, was measured in the extrinsic

region and compared with the conductivity of nom-
inally pure SrF, crystals. The influence of x ir-
radiation at liquid-nitrogen temperature on the ionic
conductivity at higher temperatures was also in-
vestigated. The effects of the x irradiation on the
conductivity of the various samples enabled us to
draw some conclusions concerning the types of de-
fects created by the irradiation.

II. EXPERIMENTAL TECHNIQUE

For our experiments nominally pure SrF, crys-
tals and crystals doped with Nd3* (in concentrations
of 0. 05 and 0.2 at. %) and Tb* (0. 03, 0.1, and 0.3
at. %) were used. These crystals were grown by
the crystal-growing laboratory at the Hebrew Uni~
versity of Jerusalem (hereafter referred to as J).
Nominally pure SrF, crystals were also obtained
from Harshaw Company (referred to as H). The
specimens were of 1-cm? cross section, and about
2 mm thick. The crystals were kept in a vacuum
cryostat and were clamped between nickel elec-
trodes.

The electrical circuit consisted of a 300~V dc
battery and a Keithley 410 micromicroammeter.
The x irradiations were carried out with a tungsten
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x-ray tube, operated at 50 kV and 15 mA. The tem-
perature was measured by a copper-constantant
thermocouple. After irradiation of 30 min at 80 °K
(which was found to be more effective than irradia-
tion at room temperature) various thermally-stimu-
lated-current (TSC) peaks appeared during the
warm up of the samples from 80 to 400 °K." After
annealing to about 400°K, the sample was recooled
to 300 °K, and then the ionic conductivity was mea-
sured. These measurements of the ionic conductiv-
ity were carried out at various temperatures be-
tween 350 and 550 °K, prior to the x irradiation,

and after it. Before each measurement the sample
was kept at a certain constant temperature until a
steady current was reached.

III. RESULTS

The ionic conductivity ¢ of the pure and the var-
iously doped crystals was measured in the region
between 350 and 550 °K. In this region the conduc-
tivity of the doped unirradiated crystals was found
to increase with the concentration of the dopant,
and the conductivity of the “pure” specimens was
considerably lower than that of the doped ones.
Under equal conditions the conductivity of the Tb-
doped crystals was considerably greater than that
of the Nd-doped crystals. The conductivity of the
pure-H specimens was found to be lower than that
of the pure-J specimens. In Fig. 1 and Table I,
results of these measurements are given. Figure
1 shows plots of 0T vs 1/T on a semilogarithmic
scale, for the various unirradiated crystals. From
a best fit of the expression

oT=Ae /T 1)

to the experimental data, the values of E and A were
computed. These computed values and their stan-
dard deviations are summarized in Table I. The
activation energies E for the conductivity of the
nominally pure samples were found to be 1.01 eV
for the J, and 1. 24 eV for the H samples, while

an activation energy of about 2.1 eV would be ex-
pected for the intrinsic conductivity of a pure crys-
tal.* This indicates that both the H and J samples
contained certain amounts of impurities. The rel-
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FIG. 1. o7 vs 10%/T (on a semilogarithmic scale) for
pure SrF, crystals and for doped crystals. (a) Pure-H
samples; (b) pure-J samples; (c) doped with 0. 05-at. %
Nd: (d) doped with 0.2-at. % Nd; (e) doped with 0. 03-at. %
Th; (f) doped with 0. 1-at.% Tb; (g) doped with 0. 3-at. %
Thb.

atively higher activation energy of the H samples,
as well as their obviously lower conductivity, in-
dicate that the impurity concentration in the pure-
H crystals is smaller than that of the pure-J crys-
tals. This fact has also been supported by recent
TSC measurements” which indicated that the im-
purities are trivalent ions.

In the present work the ionic conductivity was
measured at relatively low temperatures, where
the influence of intrinsic defects is known to be
very small, and where the measured conductivity
is due mainly to extrinsic defects. Etzel and
Maurer® have given an expression for the depen-
dence of the ionic conductivity ¢ on the concentra-
tion of the impurity ¢, assuming that the number of
the intrinsic thermal charge carriers is negligible
compared to the number of the free (unassociated)

carriers introduced by the doping process. They
formulated this dependence by
c=Lo%+Fa | @)

where L and F are temperature-dependent param-
eters L/F2%=K,(T), and K,(T) is the equilibrium
constant of the quasichemical reaction

unassociated impurity ion + unassociated charge carrier = impurity charge-carrier complex .

We evaluated K,(7T') from our experimental data.
For this purpose L and F were computed by a least-
squares fit of our data to expression (2). These
computed values of K,(T) at various temperatures
are given in Table II for the SrF,: Tb®* crystals.
For the Nd**-doped samples, values of K,(T) could
be computed only at higher temperatures. At 550
°K, K,(T) was found to be 27145, compared to 7250

[

in the Tbh-doped crystals at the same temperature.

In Fig. 2, the ratio of the conductivities o of the
SrF,: Tb, to the conductivity oy of the pure-H sam-
ple is given at various temperatures as a function
of the concentration. The dots represent the exper-
imental data, and the solid line gives the computed
function using values of L and F computed by the
best-fit method.
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FIG. 2. 0/0, vs concentrationfor Tb-doped SrF, crys-
tals. o, the conductivity of the doped samples; oy, the
conductivity of the pure H samples.

X irradiation at 80 °K caused a notable decrease
in the conductivity of the pure crystals. A decrease
was also detected in the slightly doped samples,
while the conductivity of the heavily doped specimens
remained almost unchanged. In all cases, the ac-
tivation energy E was unaffected by the irradiation.

In Fig. 3, the conductivities of several samples
before and after x irradiation are compared. In
Table III, the ratio of the conductivities at 450 °K,
before x irradiation, o, and after it, o,, are given
for various impurity concentrations. The annealing
for about an hour at 600 °K, of the x-rayed pure
and Tb-doped crystals, restored their original con-
ductivity. The 0.05-at.% Nd-doped samples al-
ready regained their original conductivity after an-
nealing to about 500 °K.

IV. DISCUSSION

The experimental results show that the ionic con-
ductivity increases with the concentration of the
rare-earth (RE) ions. These results are in ac-
cordance with previous measurements of alkaline-
earth fluorides doped with other trivalent ions, 3
and support the assumption that F- interstitials are
the dominant carriers in these doped crystals.

Brown ef al. ® investigated, by ESR methods, the
symmetries of various RE ions in a SrF, host lat-
tice and found that the F~ interstitials, which are

TABLE I. The activation energies E and the propor-
tional factors A as evaluated by a best fit of the experi-
mental results to the expression o= (4/T)e “E/RT) =1 1 -1
where AE and AA are the standard deviations.

A E AE
(°K/9 cm) AA/A  (eV) (eV)

’

SrF, pure H 4.05X10° 0,337 1.237 0.011
SrF, pure J 3.95%10% 0.186 1.015 0.006
SrF,+0.03-at.% Tb 2.41X10° 0,288 1.009 0.009
SrFy+0.1-at.% Tb  1.88%10° 0.126 1.061 0.005
SrF,+0.3-at.% Tb  1.06X10° 0,273 1,013 0.009
SrF,+0.05-at.% Nd 5.80%10* 0.089 1.080 0.003
SrF,+0.2-at.% Nd  9.80X10° 0.548 1.178 0.018
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FIG. 3. oT vs 10%/T for various pure and doped SrF,
crystals. e, before x irradiation; X, after x irradiation.
(a) Pure-H sample; (b) pure-J sample; (c) doped with
0.03-at.% Tb; (d) doped with 0. 05-at% Nd; (e) doped
with 0. 1-at.% Tb. The 0. 2-at.% Nd-doped and the 0. 3-
at. % Tb-doped samples showed the same behavior as the
0.1-at.% Tb-doped samples [Fig. 3(e)].

responsible for the charge compensation of the RE
ion, tend to be closer to the lighter RE ions than
to the heavier ones. They also calculated the as-
sociation energy between the RE3* ion and the F~
interstitial as a function of the ionic radius of the
RE®*, and showed that the decrease in the associa-
tion is due to the decrease of the ionic radius with
increasing atomic number. Weber and Bierig?
reached similar results by ESR and luminescence
methods in CaF;,: RE crystals.

Our results show that at 550 °K the equilibrium
constant K, of Nd-doped crystals is considerably
greater than that of the Tb doped crystal. This in-
dicates that the association between the Nd ion
and the F~ interstitial is stronger than the associa-
tion between the Tb ion and the F- interstitial.
This is also in accordance with the results of
Brown, taking into account that Nd is the fourth
and Tb the ninth member of the Lanthanide series.
The relatively strong association between the Nd**
and the F7,, results in a smaller number of free
F~ interstitials in the Nd3*-doped samples. At low
temperatures, expression (2) therefore could not
be applied for the computation of K,. The use of
(2) for SrF,:Nd at low temperatures would, in
fact, result in negative values of K.

The measurements of ionic conductivity as a
function of temperature, as given in Fig. 1, show
that the conductivity of the Nd-doped crystals is

TABLE IL. The equilibrium constant K, of SrF,: Nd
at various temperatures.

T (°K) 350 400 450 500 550
K, 8745 8253

7805 7495 7250
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TABLE III. The ratio of the ionic conductivities of some pure and variously doped SrF, samples at 450 °K, before (o)
and after x irradiation (o,).

+0.03-at. % +0.05-at. % +0.1-at.% +0.2-at. % +0,3-at. %
Sample Pure H Pure J Tb Nd Tb Nd Th
o./o 0.37 0.38 0.62 0.82 1 1 1

lower than that of the Th-doped crystals. This
behavior is also in accordance with the differences
in their association energies.

Irradiation of MeF,: RE®* (Me=Ca, Ba, Sr) with
ionizing radiation at liquid-nitrogen temperature
results in the reduction of the trivalent RE ions
to a divalent state and in the creation of V cen-
ters. '®!! These V, centers are stable up to about
160 °K only. Beaumont et al. 19 ynvestigated EPR
and absorption spectra of SrF,: Tm® and found that
at 300 °K about half of the original V centers have
recombined with electrons trapped at RE** sites,
while the rest have converted into nonparamagnetic
hole centers. Tzalmona and Pershan'! found in
variously doped SrF, crystals that at 300 °K all the
paramagnetic hole centers were annealed. Merz
and Pershan'? investigated thermoluminescence
(TL) in CaF, crystals doped with RE ions and sug-
gested that the TL peak at 330 °K is due to the dif-
fusions of F? interstitial atoms to the sites of RE?*
ions, and to the radiative recombination of the F°
hole with an electron of the RE*.

Our experimental results showed that the x irra-
diation reduced the ionic conductivity of the slightly

doped and the “pure” samples, but did not influence

the activation energy for the motion of the carriers.
This indicates that the x irradiation causes a de-
crease in the number of the F~ interstitials rather
than a decrease in their mobility. By the irradia-

tion of the crystals at 80 °K, V, centers are
created, and it is assumed that during the heating

of the crystals to 300 °K, part of the holes released
by the unstable Vi centers are captured by F~
interstitial ions, forming F? interstitial atoms.

This process is responsible for the observed de-
crease of the ionic conductivity which is due main-
ly to the F~ interstitials.

Above room temperature, F° interstitials diffuse
to RE? gites and recombine there with electrons,
restituting RE® ions and F~ interstitials. '2 We
suppose that this recombination is responsible for
the recovery of the ionic conductivity to its original
value. Our results showed indeed that the heavily
doped x-rayed samples regained their original con-
ductivity after heating to about 400 °K. This is
probably due to the relatively small distances, be-
tween the impurity ions in these heavily doped sam-
ples. In the slightly doped samples, however, the
F° atoms have to diffuse greater distances in order
to recombine with the RE?* jons, and these samples
therefore reach their original conductivity only at
higher temperatures (500 °K for the SrF,+0.05-at.%
Nd, and above 600 °K for th? SrF,+0. 03-at. % Tb
and the “pure” samples). This explains also the
fact that the ratio of the ionic conductivities before
(0) and after (0,) x irradiation increases at a given
temperature with the concentration of the impurity,
as shown in Table III for 450 °K.
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