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Reorientation of dipoles in SrF2. R +
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(Received 8 March 1976)

Measurements of dipole relaxation of two types of R '+-interstitial complexes in SrF,:R + single crystals using
the ionic-thermocunents method are reported. For the light elements in the series of Ianthanides we have found
relaxations due to tetragonal complexes, whereas in crystals doped with heavy R'+ ions such as Dy'+, Ho'+,
etc., the predominant defects have trigonal symmetry. The variation of the activation energy as a function of
the R '+ radius is discussed. In addition, the effect of the impurity concentration on the relaxation parameters
is studied.

I. INTRODUCTION C =A(&~g', V/3dkT~ „,)(1—e 'nf" y'). (3)

In (1), E is the activation energy associated with
the jumping dipoles; v0 is the relaxation time of
the dipole for temperature T=~; f'(T) is the re-
ciprocal heating rate which is a function of the
temperature T; f'(T) is not a constant because in
our experiments me increase the thermocouple
voltage, indicating the temperature of the sample,
linearly with time; and f'(T) is approximated by
a polynomial in T of the seventh degree.

In (2), A is the effective surface area of the
crystal; N~ is the concentration of the dipoles; V'

is the voltage across the sample during the polari-
zation stage; d is the thickness of the sample;
JtL Tp ff and the factor 1 —e 'p ~"~p' are the ef-
fective dipole moment, the effective polarization
temperature, and a correction factor necessary
when the polarization has not reached its equili-
brium value. ~' lt is easy to show that the total
charge removed from the electrodes attached to
the crystal is equal to

IdT= C.

Therefore the integral in (3) is a measure for the
concentration of the dipoles.

II. EXPERIMENTAL PROCEDURE

The crystals used in this investigation were
grown by our crystal-growing facility from Merck
Suprapur SrF, powder. Approximately l-wt. %
PbF, mas added prior to crystal growth to act as a
scavenger, especially to reduce the 0' content.
The crystal growth took place under high vacuum
(10 ' Torr). The lanthanide impurities were added
as fluorides (nominally 300-3000 ppm) before
crystal growth. After terminating the crystal
growth the resulting boules mere cooled down
slowly to room temperature in order to avoid
cracks. In this way cylindrical crystal boules 3where

When trivalent lanthanide impurities are sub-
stituted for divalent cations in alkaline-earth fluo-
rides, one may observe effects from local charge
compensation. In crystals which are pure apart
from the contamination with trivalent ions, the
charge compensation can be provided by nearby
interstitial anions. The resulting complexes ean
be considered as permanent dipoles embedded in
a dielectric and can be polarized by applying an
external electric field.

Relaxation effects of the orientational polariza-
tion can be studied by means of dielectric loss
experiments, but today many investigators prefer
the elegant method of ionic thermocurrents (ITC),
which mas introduced about a decade ago by Bucci
et al."

ITC experiments on doped alkaline-earth fluo-
rides have revealed a lot of information about the
defect structure in these materials. Unfortunately,
there have been very few systematic ITC studies
on alkaline-earth fluorides. It is the purpose of
this paper to report about an investigation involv-
ing SrF2 crystals, doped with all rare-earth (R)
ions except the unstable ion Pm".

We shall discuss the variation of the important
relaxation parameters as a function of R" dopant,
which can be observed by means of the ITC meth-
od. In addition, we have investigated the effect
of the concentration upon the calculated values of
the activation energy and characteristic relaxa-
tion time T0.

It is mell known that in general the relaxation
phenomena studied by means of the ITC method
can be described by the following formula' '

C T pI(yI)
nT) *"* p — '=—-*"*dT"), -'
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FIG. 1. Result of an ITC experiment on SrF2-.Ce~
(sample No. 3, see Table I). The experimental points
are indicated; the drawn curve is the computer fit; the
result shown here is typical for samples with low dipole
concentrations.

cm long with a diameter of about 1 cm were ob-
tained.

The samples were cleaved at the following di-
mensions: thickness 0.1-0.2 cm; the surface
area varied between 0.1-0.4 cm'. Polarization
of the crystals was obtained by applying 1500-2400
V under vacuum. In order to prevent charge car-
riers from entering the sample, blocked elec-
trodes were used. The crystal was mounted on a
cold finger; a good thermal contact was provided
by a platelet of In metal between the sample and
the cold finger. In this way we could reach cooling
rates of 0.3 K/sec.

After freezing in the polarization, the sample
was warmed up approximately linearly with time
(usually 0.04 K/sec), employing a temperature
controller similar to the one designed by Van Over-
beeke. ' As a temperature sensor we used a Cu-
Constantan thermocouple. The depolarization cur-
rents were detected with a Cary Vibrating Reed
electrometer capable of measuring currents as
small as 10 "A. In order to avoid errors intro-
duced by long RC times, we employed the rela-
tively low resistance of 10" instead of 10"0 to
detect the depolarization currents ranging from
5&10 "to 10 "A.

Each of the experimentally observed ITC peaks
was fitted to a theoretically expected shape with
a CDC Cyber 74-16 computer, providing the acti-
vation energy (E) and the characteristic relaxa-
tion time (ro) associated with reorienting dipoles.

III. EXPERIMENTAL RESULTS

In SrF, :R"two different types of ITC peaks can
be observed: the peaks of type I are located at
about 150 K, whereas the peaks of type II are
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FIG. 2. Depolarization peak of type-II dipoles in
SrF2.-Gd ' (sample No. 9, see Table Ig. The fitted
curve agrees well with the experimental points as ex-
pected for samples with low dipole concentrations.

found at approximately 205 K. Relaxation phe-
nomena producing the ITC peak I are predominant
in the first part of the series of lanthanides; on
the other hand, relaxations of type II are found
for the heaviest R" ions. In samples doped with
GD", Tb", and Dy" we have observed both types
of relaxation simultaneously. Kitts, Ikeya, and
Crawford' have investigated SrF, :Gd" by means
of combined ITC and EPR experiments, and they
have concluded that the relaxation effects of type
I are due to reorientation of dipoles with tetragonal
symmetry (C,„). The most obvious system respon-
sible for these relaxations are permanent electric
dipoles formed by the substitutional R" impurity
and an interstitial F ion in a nearest-neighbor
position. The ITC peaks of type II were found to
be due to dipoles of trigonal (C,„) symmetry. Here
the reorienting entity consists of a R" ion and an
interstitial F ion in a next-nearest-neighbor
position. Our experimental results on SrF, :Gd"
agree well with those published by Kitts et al. ',
for complexes of type I we have found for the
activation energy (E), the characteristic relaxa-
tion time (r,), and the temperature corresponding
with the maximum depolarization current the fol-
lowing values: 0.47 eV, 1.8 && 10 "sec, and 151
K, respectively. The corresponding values ob-
tained by Kitts et al.' are 0.45 eV, 10 '~ sec, and
143 K. The significant parameters, associated
with complexes of type II deduced from our de-
polarization peak, are 0.64 eV, 3.7 && 10 ' sec,
and 206 K, which should be compared with the re-
sults published by Kitts et al.': 0.62 eV, 4 && 10 "
sec, and 206 K.

In Fig. 1 we show the ITC peak due to C,„dipoles
in SrF, :Ce". The experimental points are indi-
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TABLE I. ITC data for dipole complexes of type I in Sr'..8~.

Additional
impurity

Sample
No. (sec)

Dipole concentration &~
(10~8 cm 3)

La
Ce
Ce
Ce
Pr
Nd

Sm
EU
Gd
Tb
Dy

0.44
0.46
0.48
0.42
0.44
0.47
0.38
0.43
0.47
0.41
0.44

4.68 x 10-&3

6.47x10 "
9.81~10-"
1.64x10 '2

3.38 x 10
2.65 ~ 10"
5.64x10 "
4.55 x10
1.77 & 10-"
1.11~10 ~

1.31x 10

153,2
151.8
152.0
152.0
152.4
152.7
146.2
152.8
151.2
148.0
148.4

7.79
5.53
0.78

10.00
4.25
3.74
3.36
4.26
1.69
3.19
0.73

eated by circles; the drawn line is a least-squares
computer fit, which gives us E = 0.48 eV and To
=9.8 x 10 sec. The quality of the fit ls obvious;
this is due to the fact that we are dealing here
with rather low dipole concentrations (8.2 x 10"
dipoles/cm'). The effect of the concentration on

the line shape of the ITC curves will be discussed
in Sec. IV.

In Fig. 2 the results obtained for dipolar relaxa-
tions of C,„complexes in SrF, :Gd" are given. The
parameters describing the reorientation process
are E =0.64 eV and 70=3.7 x10 '~ see; in addition
the concentration of the C,„complexes in this par-
ticular sample is 2.9 x10" dipoles/cm'. For
these trigonal as well as for the tetragonal com-
plexes, the intensity of the ITC peak depends lin-
early upon the applied voltage, which polarized
the sample. This suggests that we are dealing
with depolarization due to the reorientation of
permanent dipoles.

Experiments as shown in Figs. 1 and 2 have been
ea.rried out for SrF, samples doped with all avail-
able 8"impurities. The important parameters
describing the reorientation processes have been
compiled in Tables I and D. The relation between
the various parameters given in Tables I and 0

is discussed in Sec. IV. Our experiments show
that for a particular impux ity ion the position of
the ITC peak does not depend significantly upon the
dipole concentration in contrast with the values of
E and ro. For higher impurity concentrations the
width of the ITC peak increases. This is demon-
strated by the result given in Fig. 3; the half-
width of this peak is 11.1 K. The width of the peak
given in Fig. 1 is 9.7 K. As a result of the broad-
ening of the ITC curves the parameter E decreases
while vo increases. In fact, there is an approxi-
mately exponential relationship between E and vo
found for one particular R" dopant at various con-
centrations. This implies that the parameters E
and v obtained from the least-squares fits do not
give a proper description of the relaxation phe-
nomena when one is dealing with high impurity
concentrations.

As compared to the large concentration-depen-
dent variations, the differences between the values
of E and 7'0 corresponding to the variou s 8' im-
purities are rather small. This ean be seen from
Figs. 4 and 5, which summarize some of type-I
dipole s.

In contrast with the large deviations of the re-
laxation parameters caused by differences of the

TABLE II. ITC data for dipole complexes of type II in SrF2..&~.

Additional
l.mpur lty

Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

Sample
No. (eV)

0.64
0.52
0.53
0.57
0.59
0.59
0.58
0.57

To

(sec)

3.71x10 "
2.88 & 10
2.48&10 '
5.92~10 "
2.45& 10-"
]..38& 10 "
1.53X10 "
6.13x 10"

206.2
206.4
209.0
213.0
214.4
209.7
208.8
201.4

Dipole concentration &@

(10"cm ')

0.28
6.93
9.92
8.49
9.82
6.87
8.26
6.34
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FIG. 3. Result of an ITC experiment on a heavily doped
SrF2.Ce~ crystal (sample No. 4, see Table I). The
quality of the fitted curve is less than that in Fig. 1.

dipole concentrations, the reproducibility of the
experimental results (E and r, ) for one particular
concentration is very good. The maximum error
in the activation energy E is 0.01 eV, while char-
acteristic relation time can be determined with
an accuracy of ahout 40%.

1V. THEORY

As it was shown that the relaxation properties
depend upon the concentration of reorienting di-
poles, it is useful to determine N~ very carefully.
In order to do so, a discussion of the entities p,,
and T~,« is necessary.

9 4 8
18 3
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FIG. 5. (a) Behavior of the activation energy as a
function of the dipole concentration for crystals of the
type SrF2.Ce+. Q) Behavior of the characteristic relax-
ation time 70 as a function of the dipole concentration for
crystals of the type SrF2-.Ce~.
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For a correct determination of p,, &re need to
realize that the permanent dipoles are embedded
in a dielectric vrith a rather large static dielectric
constant (e„„=V.69). According to 85ttcher' this
leads to an increase of the dipole moment as com-
pared to the corresponding dipole in vacuum. The
amplification factor is Se/(2m+1) =1.41. For the
dipole moment in vacuum we apply the undistorted
point-ion model. In this may @re find for the tetra-
gonal complexes an effective dipole moment of
0.68 x 10 ~8 C m, while the corresponding value for
trigonal dipoles is 1.18 x 10~s C m.

FIG. 4. Plot showing the correlation between E and

log&070 for various ITC experiments on type-I dipoles
in SrF2 crystals doped with different B~ impurities. For
each of the experimental points the sample No. in
Table I and dopant has been indicated.

Bo Tp eff

Although after polarization during t& seconds the
sample is cooled down quickly, serious problems
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may still arise because the relaxation time r(T)
=T,g~~~~ is very short for temperatures a fem tens
of degrees higher than T . The cooling rate dur-
ing "quenching" is about 0.32 K/sec, which should
be compared with typical heating rates of 0.04
K/sec during the depolarization experiments. We
have found that during the cooling process prior
to the dipole relaxation experiment the equilibrium
polarization is preserved until a temperature ap-
proximately 20 K above T is reached. At lower
temperatures the polarization is frozen in. In ac-
cordance with Nunes de Oliveira and Leal Fer-
reira' me write for Tp f f

Tm
TI gg py g ( )

(when Tp T )

or

TN
p elf -8 pl-8 (p p)

(when Tp J'
In (4) and (5), p=(F+kT )/(2E+kT ), in addition

I'(P) and y(P, P) are the usual gamma and incom-
plete gamma functions, respectively.

The curve fitting of the ITC peaks to the behavior
described by (1) was obtained by the Marquardt
method. The experimental data, corresponding to
the wings of the depolarization peaks, mere
weighted less than those in the central region,
because of the smaller signal to noise ratio. In
general, for the lowest concentrations of dipoles

eha ea h eved t ebestcu vef tt gs. Aswas
shown in Sec. III, the position of the ITC peak
does not depend significantly upon the dipole con-
centration. Also the fitted curves show peak posi-
tions, which agree mell with the experimental
ones. For maximum depolarization current the
folloming relationship between E, vo, and T holds:

about the average value. Probably also the mono-
pole-dipole interaction affects the activation ener-
gy.

V. DISCUSSION

As discussed above, the depolarization effects
giving rise to ITC peaks of type I are caused by
tetragonal R"-interstitial complexes. The peaks
of type II observed in SrF, crystals doped with the
heaviest 8" impurities are due to trigonal 8"-
interstitial complexes. A three-dimensional sche-
matic representation of both kinds of defects has
been visualized in Fig. 6.

The interstitial F ion neighboring the trivalent
impurity moves in a potential well; its vibration
frequency is assumed to be I/2vr„depending on
the detailed shape of the potential well. This vi-
bration frequency is usually related with that of
the lattice vibrations (-10" sec '). We have found
that for complexes consisting of a trivalent impur-
ity and an interstitial H ion in a nearest-neighbor
position, the vibration frequency does not change
significantly as a function of the ion size of the
lanthanide impurity. ' %e therefore assume that
also for interstitial F ions neighboring the im-
purity ion the shape of the potential mell does not
change drastically in going from La" to Lu".
Consequently, the characteristic relaxation time
v, does not vary strongly for the various lanthanide
dopants.

Choosing a constant value for r~ and using the
well determined value of the temperature at which
the depolarization current reaches its maximum,
we can calculate from (6) a corrected activation
energy E* which is independent of the concentra-
tion of the dipoles. In Figs. 7 and 8 me show the
behavior of E~ as a function of the ionic radius

T' = [Z/af'(T )]r s""-
Because experimentally as mell as theoretically
T is approximately constant, me expect that there
is a strong correlation betmeen E and 7', . This
correlation has been demonstrated in Fig. 4.

The broadening of the ITC peaks mas found to
depend upon the impurity concentration. There-
fore, dipole-dipole interactions mill probably be
the origin of this broadening. These dipole-dipole
interactions can give small fluctuations of the
activation energy, which are of the order of p, ',/ft'.
It can be shown that the probability of finding an
addltlonal dipole within a sphere of 5 A ls about
1% for dipole concentrations of 10" cm '. This
leads to dipolar interactions of the order of 0.01
eV, and therefore the measured ITC peak will be
a superposition of many displaced depolarization
peaks, of which the activation energies scatter

o F

GS2
3+.0 R ion

~

~ ~

n. n. Position of
an interstitial F ion

@ n. n. n. Position of
an interstitial F ion

1

T
r

r I
I

I
JL a ~ I
1F iF / ' K /

I g

FIG. 6. Three-dimensional schematic representation
of a SrF& crystal showing the structure of tetragonal and
trigonal R ~-F~ complexes.
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FIG. 7. Variation of the corrected activation energy
(E*) as a function of the R~ radius for dipoles of type I.
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FIG. 8. Variation of the corrected activation energy
(E~) as a function of theR3+ radius for dipoles of type II.

of the trivalent impurity ions for tetragonal and
trigonal dipoles, respectively. The radii of the
various ions were taken from the work of Shannon
and Prewitt. " The corrected E*values for tetra-
gonal dipoles show a slight decrease with decreas-
ing lanthanide radii. On the other hand, E*for
trigonal dipoles reaches a maximum value for
Er".

Conforming to the model proposed by Bollmann
et aL,"we shall assume that during reorientation
of the tetragonal dipole the interstitial anion in-
duces one of the neighboring substitutional F ions
to move into another interstitial position, while
the interstitial itself takes the empty substitu-
tional site (interstitialcy mechanism). The activa-
tion energy corresponding to the motion of free
interstitial anions in SrF„ is 0.94 eV, which is
appreciably larger than the values observed for
our tetragonal complexes. It was suggested by

Kitts and Crawford" that the lower value of the
activation energy is due to the large binding ener-
gy of the dipolar complex. In addition, lattice
relaxations in the vicinity of the defect could be a
reason for the decreased value of E.

A similar series of ITC experiments as reported
here have been carried out by Kitts and Crawford"
on the system CaF, A". These authors found sys-
tematic changes in the activation energy and 7;
as a function of the impurity-ion radius. As we
have seen from our experiments on SrF,A", E
and To are strongly correlated; it was found use-
ful to treat the results obtained by Kitts and
Crawford in a similar way as ours. Again we de-
fine a corrected activation energy E* and use a
constant value of the characteristic relaxation
time To. The resulting corrected activation energy
is found to decrease gradually and very slightly
with decreasing radius of the R" impurity which
is comparable to the behavior of the system
SrF, :R"shown in Fig. V.

The present interpretation of our experimental
results suggests that the activation energy asso-
ciated with the reorientation of tetragonal dipoles
changes only very slightly for the various R"
dopants. This is not unexpected when it is realized
that the variations of the ionic radius of the tri-
valent impurities for which tetragonal dipoles have
been observed is less than 15%.

In view of the above discussion, we can under-
stand why for the trigonal complexes the activa-
tion energy is significantly higher than for the
tetragonal dipoles. The internuclear distance
between the impurity and the interstitial anion is
a factor of ~ larger for trigonal than for te-
tragonal defects. Consequently, the activation
energy associated with trigonal dipoles will be
closer to the corresponding value for free inter-
stitial anions. The behavior of E of trigonal di-
poles as a function of the R" radius can be under-
stood as follows. For decreasing R" radii the
neighboring F ions will move towards the impur-
ity, implying that the excess positive charge will
be screened more and more. Therefore, the in-
teraction between the constituents becomes
smaller, and the activation energy will increase
as it approaches the activation energy of mobility
of the free interstitial anions. The inward relaxa-
tion of the anions in the first coordination shell
is limited by repulsive interactions between these
anions. Owing to this effect, the activation energy
reaches a maximum value. For still smaller im-
purity ions one may expect a relaxation of the
"loose" R" ion within the cube of F ions towards
the next-nearest-neighbor interstitial anion re-
sulting in a decrease of the activation energy.
This relaxation is also suggested by the results
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of EPR and electron-nuclear double resonance
experiments. ""

It can easily be seen that the reorientation mech-
anism of trigonal dipoles should be rather compli-
cated. At least three anions are involved. %e as-
sume that during relaxation by an interstitialcy
mechanism, the trigonal dipole is transformed
into a tetragonal one. The relaxation time of these
tetragonal dipoles is very short (approximately
30 msec) in the temperature range in which de-
polarization of trigonal dipoles occurs. It is ob-
vious that during the relaxation process the con-
centration ratio of trigonal and tetragonal dipoles
remains approximately constant, suggesting that
simultaneously one of the tetragonal dipoles is
transformed into a trigonal one. In this model
the relaxation of trigonal dipoles is governed by
the rate of the reaction

8"-nn F, = R"-nnn F,.

The ratio I, of the concentrations of the tetragon-
al and trigonal complexes decreased drastically
with decreasing R" radius for Gd", Tb'+, and
Dy". For I, we have found 6.0, 0.5, and O.OV for
SrF, :Gd", SrF, :Tb ', and SrF, :Dy", respectively.
For smaller R" impurities the ITC peak due to
tetragonal dipoles could not be detected. The pres-
ent results show that the association energies for
tetragonal and trigonal complexes do not differ
strongly. Therefore even minor modif ications
such as a decreasing radius of the R" ion will be
sufficient to have a great influence on the ratio
8,.
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