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Ionic crystals of SrF, doped with trivalent rare-earth ions have been investigated by means of the ionic
thermocurrent (ITC) technique. The experimentally obtained ITC curves have been fitted by a refined ITC
formula, giving values for the relaxation parameters E, and 7, and, additionally, for the broadening
parameter p, which accounts for the interaction between dipoles. This interaction may come about either by
electrostatic interaction between dipoles, or by elastic deformation of the lattice caused by distant dipolar
defects. Both effects are considered theoretically. From a comparison with the experimental results we infer
that each one of them contributes significantly to the broadening of the ITC bands. A consistent picture has
been obtained with regard to the relaxation parameters E, and 7,. For type-I dipoles in StF,:R ** we have
found that E, = 0.474-0.02 eV and type-II dipoles give E, = 0.644-0.01 eV; 7, appears to be almost
independent of the nature of the R ** ion. SrF,Sm and SrF,:Eu show a deviating behavior, which is
explained by assuming the presence of divalent Sm and Eu ions in the sample.

I. INTRODUCTION

One of the most elegant methods for determina-
tion of the relaxation parameters of electric di-
poles in ionic crystals is the ionic thermocurrent
(ITC) technique, introduced a good ten years ago
by Bucci and Fieschi.! Several authors since have
published results of ITC experiments on alkaline-
earth halides doped with low concentrations of
trivalent rare-earth ions.

The excess charge of the rare-earth ion is com-
pensated locally by an interstitial halide ion at a
nearest-neighbor (nn) position, giving rise to type-
I dipoles, or at a next-nearest-neighbor (nnn) posi-
tion, giving type-II dipoles, as shown in Fig. 1 for
SrF,. The available data for type-I dipoles in
CaF,:R* show a rather large scatter in the relaxa-
tion parameters E and 7, the activation energy
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FIG. 1. Three-dimensional schematic representation
of a SrF, crystal showing the structure of type-I and
type-II dipoles.

for reorientation and the characteristic relaxation
time, respectively. For example, Kitts and Craw-
ford? find E =0.420 eV, 7,=2.5X107® gec, and
Stiefbold and Huggins® report £=0.510 eV, 7,=1.4
%X 10" sec for CaF,:Gd*.

In a previous publication by our group* it was
shown that E and 7, are strongly correlated, and
depend on the concentration of dipoles. It was sug-
gested that dipole-dipole interactions can explain
the observed features like broadening of the ITC
curve and concentration dependence of E and 7,.
Recently, we have worked this out® by assuming
a ‘Gaussian distribution of activation energies
which spreads symmetrically about the unperturbed
energy E,. This leads to an extra parameter p in
the ITC formula, which is a measure for the width
of the energy distribution. ITC curves from sam-
ples of SrF,, doped with varying concentrations of
Ce, have been analyzed with the refined ITC for-
mula, giving E, and 7, independent of the dipole
concentration, and a linear relation between p and
the dipole concentration. »

For low dopant concentration the ITC curve can
be successfully described by the well-known ex-
pression

T g1 (e
I(T):-g e E/ kT exp (_ f @ ) e-E/kT'dTl)
To 0 To

1)
where
C=A(N,p2 V/3dkT, )1, @)
with
M=1-expl[-t,/7(T,)]. ®)

For the meaning of the various symbols we refer
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to previous papers.*® This expression, however,
cannot successfully explain the experimental
curves obtained from moderately and heavily doped
samples. When dipole-dipole interaction is taken
into account by introducing the extra parameter p,
the quality of the fitted curve becomes comparable
with that of a low-concentration curve analyzed
with formula (1). The extended ITC formula thus
leads to a highly improved reliability of the ob-
tained values of the relaxation parameters (E, and
To)-

In this paper we present the results of ITC ex-

periments on SrF,:R*, where R stands for the
rare earths La, Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, and Lu. Lenting et al.* ob-
served low-temperature peaks in SrF,:La-Dy,
with the temperature of the maximum current
T,~150 K, and higher-temperature peaks in
SrF,:Gd-Lu with T, ~ 210 K. The low-temperature
peaks were ascribed to type-I dipoles and the high-
temperature peaks to type-II dipoles. These as-
signments have by and large been confirmed by the
results of the analyses with the refined ITC formu-
la. A deviating behavior is observed only for
SrF,:Sm and SrF,:Eu. For these elements we be-
lieve type-II instead of type-I compensation to oc-
cur in SrF, with T, ~ 150 K.

Infrared experiments performed by Timans and den

)

1 40
N — dE ex]
T P

ET »

=0

To

a is the reciprocal heating rate at T7=7,. It is al-
lowed to take —« as the lower boundary of the in-
terval of integration instead of-0, which is phys-
ically correct, because of the almost disappearing
contribution to F of the extra interval. With the
substitution (E - E,)/p =x, Eq.(5) becomes

Fu‘/—:;_— .L, dxe"‘zg(x)

~ 3wl ®)

i=1

The last transition follows from the theory of func-
tions (cf. Abramowitz and Stegun’) which also gives
the values of the weight factors w,. The x; are the
zeroes of the nth-degree Hermite polynomial. In
practical ITC applications it is sufficient to take

n =20 in order to achieve an accuracy better than

1 in 10° for the approximation in Eq. (6).
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Hartog® on R3“-Hi' dipoles in SrF, indicate that 7,
is almost independent of the nature of the R3* ion.
Our results suggest the same for R*-F;” com-
plexes in SrF,.

Furthermore, we present some tentative conclu-
sions on the reorientation mechanism of the di-
poles. It is suggested that, next to electrostatic
dipole-dipole interaction, also elastic deformations
contribute to the broadening of the ITC bands.

II. THEORY
A. ITC formula

We have shown® that the ITC formula, extended
to take dipole-dipole interaction into account, can
be written

I(T)=I*(T)F (E,y, 7o, 0, T) , (4)

where I*(T) has the form of the original ITC for-
mula (1) with E=E_ and F is a correction factor
containing the width p of the energy distribution.
The expression for F given earlier® requires ex-
cessive computing times for the curve fitting pro-
cess, as it contains an integral that can only be
evaluated numerically.

It is possible however to reduce the necessary
computing times by a factor of about 10 when an
additional approximation is made (cf. Ref. 5):

e E/rT e“Eo/ kT
(E/kT+2 _Eo/kT+2)] :

(5)

B. Dipole-dipole interaction

The interaction energy of two dipoles ﬁ1 and TLZ
with a distance T,, between them, is given by

-1 Tj‘l Ty 3(-["1'?12)([13' Ty,)
T4 3 - 5 ’ (7)
Te€, \ 75,

¥12

where € is the static dielectric constant of the
medium in which the dipoles are embedded. When
P is the dipole moment in vacuo, we write for the
effective moment of a dipole in SrF, (€=17.69),
p=[3¢/(2¢ +1)]P =1.41P (cf. BbSttcher®).

In our last paper® we presented a rather crude
model that allows one to predict theoretically the
order of magnitude of the broadening parameter p.
In this model the reorienting dipole ﬁl’is placed at
the center of a sphere with a radius such that the
sphere contains only one additional dipole TLZ. TLz
is assumed to be randomly oriented, as one can
easily show that the average dipole moment U <.



The dipoles are taken to be point dipoles, situated
at the R®* positions. Furthermore, we assume that
there is a random distribution of uz over all Sr®
lattice sites within the sphere, and we only consid-
er the perturbation of u1 that is caused by uz.
From the values of the interaction energy as given
by Eq. (7), calculated for all possible positions and
directions of uz, a histogram of N(U) can be con-
structed. The theoretical value for p follows from
the fit of a Gaussian distribution to the histogram.
In our last paper® we only considered the perturba-
tion of 'ﬁ , in its equilibrium position. For nn di-
poles this model can be refined when one assumes
the length of TLI during reorientation to remain
constant. This is not exactly the case for the iso-
lated R*-F,” complex, because also some sur-
rounding F~ ions are temporarily displaced by the
jumping F;” ion. The overall dipole strength in the
saddle-point configuration, corresponding with
maximum potential energy of the reorienting di-
pole, will then approximately equal its equilibrium
strength.

Now, if we further assume that the saddle point
lies halfway between two equilibrium positions,
the energy difference between bottom and top of
the potential barrier, as caused by T‘z can be cal-
culated. Again a histogram can be generated and
p, according to the refined model, obtained.

For nnn dipolesitis more difficult to make rea-
sonable suppositions about the dipole moment dur-
ing reorientation and the location of the saddle
point. We therefore only applied the crude model
to these dipoles. In both the crude and the refined
model p increases linearly with the dipole concen-
tration N,. Table I gives the slopes m from p
=mN,. It is seen that the improved model leads
to values of p that are only little less than those
arising from the crude model: the difference is
8%.

In view of Eq. (7) one would expect at first sight
for the ratio of m, and m, (crude model applied to
nnnand nndipoles, respectively): m,/m,=(1../
Ka)?=3. It appears that m,/m,=3.73. This means

that besides the dipole strengths, also the various

possible orientations of the dipoles with respect to
each other, determine the width of the energy dis-
tribution.

TABLE I. Theoretical calculation of # in p=mNj,.
Only electrostatic interaction between dipoles has been
considered. The models have been explained in the text.

Model Interacting dipoles m (10718 eVem?)
Crude Type I m,=0.000131
Crude Type I mp=0.000488"
Refined Type I ¢=0.000121
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In addition to electrostatic dipole-dipole inter-
action, also elastic deformations due to the pres-
ence of perturbing dipoles may give rise to a
broadening of the ITC band. The fact that the jump
energy for a free interstitial fluorine ion (0.94 eV
in SrF,) is different from the reorientation energy
of an F;” ion that is part of an R*-F;” dipole com-
plex is due to elastic deformation of the lattice by
the R* jon

We write for the change in the activation energy
of the F;” ion

AE=-a/y". (8)

In Sec. III we show that the reorientation energies
of nn dipoles (»=2.9 A) and nnn dipoles (»=5.0 A)
are 0.47 and 0.64 ev, respectively. It follows that
n~1and @~1.3 eVA. Equation (8) accounts for
the contribution to the broadening of activation en-
ergies from elastic deformations caused by the
presence of the R** monopole. Here we are inter-
ested in the effect of a dipole on the reorientation
energy of an F;” ion at a distance T from the di-
pole. The energy shift is given by

=(a/r%Fd, )

where d is the vector connecting the components of
the perturbing dipole.

In order to find out whether elastic deformatlons
contribute significantly to the line broadening of
an ITC curve, Eq. (9) should be compared with
Eq. (7), which gives the effect of electrostatic in-
teraction. The ratio 77 of the two types of interac-
tion effects equals

n=|AE,/U|~ (4nee,ad/p2r=0.127 (10)

(r in angstrom units) for nn dipoles in SrF,.

In practice, typlcal distances between dipoles
range from 10 to 50 A approximately. Conse-
quently, elastic effects may be comparable in
magnitude with electrostatic interaction. The
above derivation is far from exact and gives only
a rough estimate of the relative contributions of
the two effects. For example, 7 contains y, the
value of which is not known accurately.

When electrostatic interactions are taken into
account only, the relation between p and the dipole
concentration N, is exactly linear. The elastic in-
teraction effect falls off with the distance slower
and gives rise to a linear relation between p and
N2/3, The range of observed dipole concentrations
is not sufficient to decide which of the two effects
is dominant.

C. Interaction between different kinds of dipoles

When two different kinds of dipoles, ﬁ , and ﬁz
are present in one sample, e.g., SrF,:Gd, the
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broadening p, of the ITC band as measured from
the reorientation of ﬁl dipoles-consists of two con-
tributions. The first (p,,) is caused by the inter-
action between identical dipoles (TLI), the second
one (p,,) arises from the interaction between dif-
ferent dipoles (i, and [L,).

If we assume that the interaction is entirely
electrostatic, i.e., if it is described by Eq. (7), a
relation can be derived for the ratio of the actual
dipole strengths that does not contain the dipole
concentrations N, and N,. This is important be-
cause ITC experiments only yield values for the
product u2N; we are not able to separate the un-
known parameters p and N.

From Sec. II B we infer that the width of the en-
ergy distribution can be written

P=vPou N=mN, (11)

where v is a geometrical factor, p, a proportional-
ity constant, p the effective dipole moment, and N
the dipole concentration. It follows that p,,

=71 PoMIN, and P, =¥y, ol N, As the energy
distributions are Gaussian, the widths should be
summed quadratically: .

pi=ph+pt= (1’0“1)2[ T (712“'2N2)2] .
Analogously, we write for the broadening of the
second peak

p3= (Po“z)z[ (7’21”1]\71)2 + (Yzzp’zNz)z] .

In Sec. II B we have shown theoretically on the
basis of the crude model that 7,,/7,,=3.73/3=1.24.
For the refined model we expect the influence of
the geometrical factors to decrease. Then, with
the approximation ¥,; =¥,,=¥5 =¥z, itfollows that

Pz/p1=“2/“1- (12)

If the two kinds of dipoles are studied separately,
i.e., in different samples, one obtains from Eg.
(11) values for m, and m,. Their ratio is given
approximately by

o/, = (g ) | (13)

The experimental values of m, and m, are in fact
calculated from undistorted-point-ion model
(UPIM) values for the dipole moments p, and p,.
This seemingly interferes with the usefulness of
Eq. (13). Nevertheless, it can be seen that identi-
cal amplification factors, e.g., 3€¢/(2€+1), neces-
sary to account for the surrounding dielectric,
leave the ratio m,/m, unaffected.

It should be noted that Egs. (11)-(13) only hold
when elastic perturbations [see Eq. (9)] are negli-
gible with respect to electrostatic interactions. In
the opposite case, i.e., when the interaction is
governed by Eq. (9), Eq. (11) should be replaced
by

b=V PLUN? B=m N2/ 3, (14)

When two kinds of dipoles are present in one sam-
ple, it follows for the ratio of the respective
broadening parameters:

pa/py=1. (15)

When the different dipoles are studied in different
samples, we find instead of Eq. (13),

my/m, ~my/ml = py/ . (16)

A confrontation of Egs. (12) and (13) and their
counterparts (15) and (16) with the experimental
results may lead to a conclusion about the relative
magnitudes of the two types of interaction.

III. EXPERIMENTAL RESULTS

The experimental procedure does not differ from
the one described in our previous papers.*®

A. Type- dipoles in SrF,: R3*

In SrF,:La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy
we observed ITC peaks with 7', ~ 150 K. Sm and
Eu show some remarkable features, which will be
discussed in Sec. III C. The results obtained from
the remaining rare earths have been compiled in
Table II. The values for SrF,:Ce, taken from a

TABLE II. ITC data for type-I dipoles in SrFZ:R3+. The results of SrF,:Ce have been pub-

lished before (Ref. 5).

Dopant E, (eV) b (eV 7, (sec) N, (ecm™9 T (K)
La 0.471 0.0011 3.1x10714 10 x1017 153.5
Ce 0.48+0.01 1 x10714%0.3 oo 151.2-152.1
Pr 0.472 0.0039 2.4 x1071 48 %1017 152.7
Nd 0.479 0.0031 1.3x10714 41 x10%7 152.5
Gd 0.471 0.0004 1.7x10714 19x10%7 151.1
Tb 0.457 0.0042 2.0x1071 21 x1017 147.4
Dy 0.451 0.0047 4.3x10714 8x10!7 148.3
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FIG. 2. Variation of E, as a function of the R¥ radius
for type-I dipoles in SrF2:R3’ .

series of ten different crystals, have been pub-
Iished before.® Figure 2 shows the activation en-
ergies as a function of the ionic radius of the im-
purity ion. The radii were taken from the work of
Shannon and Prewitt.® Table II shows that there is
no significant correlation between 7, and the ionic
radius of the R%* ion. The maximum error in
log,,7, is estimated to amount to 0.5.

The determination of T, is straightforward and
gives accurate values with maximum errors of 1K.
From the behavior of 7, as a function of ionic rad-
ius and from the relation

E kT2 =[f'(T,)/7,] exp(-E,/kT,) , (1)

one can therefore conclude that it is not meaningful
to draw a straight line through the experimental
points in Fig. 2. From Eq. (17) one can derive that
E,~T,, approximately. The experimental values
are seen to agree roughly with this relation.

In Fig. 3 we have plotted p as a function of the
dipole concentration for type-I dipoles. The drawn
line in this diagram originates from the results of
SrF,:Ce*, published before.® The p values of La,
Pr, Nd, and Gd confirm the slope of this line. The

@,
ooost Y ©Th iy
Nd
0.002f-
s |k
= '.Gd .
0.0000 L 5 — . 6
Dipole Coencentration
(10 em™)

FIG. 3. Behavior of p as a function of the dipole con-
centration for type-I dipoles in SrFZ:Rs'. The straight
line originates from previous work (Ref. 5). The slope
is m1=0.00074 X10"18 eV cm3,
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TABLE III. ITC data for type-II dipoles in SrFy:R%",

Dopant E, (eV) p.(eV) T, (sec) N, (cm'3) Tm (K)
Gd 0.639 0.0000 3.6x1071#  3x10!" 206.2
Th 0.639 0.0081 3.7x10"¥ 38x10Y 206.0
Dy 0.641 0.0060 6.9x107¥ 56x10!7 210.0
Ho 0.642 0.0083 10.0x10714 123x10!7 212.5
Er 0.644 0.0103 8.9x10™¥ 81x1017 212.5
Tm  0.640 0.0106 6.4x1071¥ 66x1017 209.7
Yo 0.650 0.0119 3.2x10"4 84x101" 208.8
Lu 0.631 0.0054 2.3x107% 55x10'7 210.8

relatively large values found for Dy and Tb arise
from the appreciable concentrations of type-II di-
poles that are also present in these samples. The
concentration of type-II dipoles in SrF,:Gd* is too
small to influence the broadening of the type-I re-
orientation curve significantly (cf. Table III).

B. Type-II dipoles in StF, : R3*

Table III gives the results of the observed type-II
dipoles. It should be noted that the type-II values
given for SrF,:Dy and those given in Table II were
taken from different samples. The results of Gd
and Tb in Tables II and III each originate from only
one crystal. Figure 4 shows E, plotted versus the
radius of the R* ion. Within the experimental er-
rors E, follows the variations in T,,, as it does for
type-I dipoles. Again the maximum error of 0.5
in log,,7, leaves no room for conclusions about a
possible relation between 7, and the ionic radius.
The average value of 7, for type-II dipoles is seen
to be slightly higher than the average 7, for type-I
dipoles.

In Fig. 5 the relation between p and N, is shown
graphically. The straight line represents a least-
squares fit to the experimental data; the ones as-
sociated with Tb and Gd are excluded, because of
the presence of appreciable concentrations of type-
I dipoles inthe same sample.
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FIG. 4. Variation of E; as a function of the R¥ radius
for type-II dipoles in SrFy:R¥.
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FIG. 5. Behavior of p as a function of the dipole con-
centration for type-II dipoles in SrFy:R¥, The drawn
line represents a least-squares fit to the data of Dy,
Er, Tm, Yb, and Lu; the slope is m,=0.00131 x10"18
eVem™,

Dipole Concentration (10180m_

From the work of Lenting ef al.* we know that
the ratios between the numbers of type-I and type-
II dipoles in SrF,:Gd, Tb, Dy are 6.0, 0.5, and 0.07,
respectively. Therefore the influence on the
broadening of the nnn peak in SrF,:Dy, as caused
by the nn dipoles, may be neglected. The results
of SrF,:Ho have not been included in the calculation
of the straight line shown in Fig. 5 either. In this
sample a very high dipole concentration, which
possibly causes some dipole clustering, has been
observed. As a result of dipole-dipole interaction
the clustered dipoles are then expected to line up
preferentially along a common direction. This
correlation reduces the spread in the reorientation
energies and thus the observed value of p.

C. StF,: Sm and StF, : Eu

The ITC spectrum of SrF,:Sm shows a peak of
considerable intensity at T, ~ 146 K (peak a) im-
mediately followed by a very small one with 7',
~ 161 K (peak b). Two different samples have been
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analyzed. We only studied peak a of the first sam-
ple, whereas the intensity of peak b has also been
observed as a function of the polarization time ¢,
and the polarization temperature T',. Table IV
summarizes the results. The most plausible. in-
ference would be to assign peak a to the reorienta-
tion of nn dipoles. Calculation of N,, however,
then leads to a value of 82 X 10'” cm™ for peak al.

When the corresponding p (0.0020 eV) is marked
in Fig. 3, it can be seen that it does not corre-
spond with the other type-I dipole data. If we as-
sume peak a to originate from type-II dipoles, then
N,=27X10" ecm™, which matches remarkably well
the picture of type-II dipoles in Fig. 5. In sample
2 an additional unidentified ITC band with compar-
able intensity near T, =300 K has been observed,
which is responsible for the larger values of p
found in this sample.

From Table IV it can also be deduced that the
observed variations in N,II for peaks al through
a5 cannot be explained by the respective values of
II that are calculated from ¢,, T,, E,, and 7,. One
can even conclude from the results of sample 2
that no single combination of E, and 7, can be found
to describe the observations. Additional experi-
ments have shown that the dipole concentration
does not depend on the time elapsed after the
growth of the crystals. Before trying to find an
explanation for these features, we mention the
bluish color of Sm doped samples of SrF,, which
is very similar to that of the same samples which
had been subjected to reductive treatments like
hydrogenation (see Hall and Schumacher'®) or addi-
tive coloration (Den Hartog!'). Samples of the lat-
ter type are colored very strongly, probably as a
result of the reduction of Sm* to Sm?*,

The bluish color has not been observed in the
other rare-earth doped crystals of SrF,. As the
coloration of SrF,:Sm was already present in the
freshly grown boules, it is possible that the Sm3*-
F,;” dipole complexes are accompanied by an extra
divalent Sm?* impurity. We suggest this to be the
reason for the deviating behavior of SrF,:Sm.

In going from La to Lu in SrF,:R, one sees that

TABLE IV. ITC data for SrFy:Sm. NyI has been calculated from Eq. (2) with the strength
of nn dipoles (0.65 %10728Cm);II has been calculated with Eq. (3).

Sag:)f"e Peak t,(sec) T, (K) E,(eV) p(eV) Ty(sec) NI (ecm™) I T, (K)

b 1800 154.3 0.480 0.0027 8.7x10714 2x10"  0.99 160.6

1 al 900 151.5 0.417 0.0020 4.4x10718 g2x10!" 1.00 146.7

a2 1200 128.6 0.408 0.0021 7.1x10713 10x10!7 0.16 146.0

a3 1800 140.8 0.409 0.0041 9.3x107%% 69x107 0.99 147.3

2 a4 900  140.8 0.415 0.0063 4.3x1071%  35x101" 0.95 146.0
ab 900 136.7 0.406 0.0058 8.0x10713 23x1017 0.71

145.4




very slight changes in the nature of the impurity
ion can give rise to a drastic change in the type of
charge compensation that takes place. It is there-
fore plausible that a Sm?* ion, situated at a Sr?*
lattice site next to the Sm3* ion, makes nnn com-
pensation more favorable than nn compensation.
The existence of Sm* impurities in SrF,:Sm can be
ruled out because with EPR, which is a very sensi-
tive technique for the observation of Sm* (4f7 elec-
tron configuration), we have not been able to de-
tect this type of impurity. The observed values of
T, for the depolarization process of peak a are
significantly different from the ones that have been
found for type-I and type-II reorientation.

The data obtained from the fitting of peak b have
larger maximum errors than the other corre-
sponding numbers in this paper because of the very
low intensity of this peak. We estimate: AE o
=0.03 eV and Alog,,7,=1. The uncertainty in T,
remains unaltered: AT, =1 K.

In SrF,:Eu an ITC band has been observed near
T,~ 150 K. Depending on the polarization temper-
ature T,, T, ranged from 150.4 to 152.5 K and the
fitted relaxation parameters E; and 7, from 0.449"
to 0.493 eV, and from 8.0 X 107** to 4.5 X 10™° sec,
respectively. In all cases p was found to be very
large, as compared with the intensity of the band.
These results confirm the experimental results of -
Wagner and Mascarenhas,'? who reported a double
peak near 150 K in SrF,:Eu. They have been able
to separate the components experimentally, but
the values of E, and 7, are rather inaccurate: 0.28
+0.03 eV and 5% 10™® sec for the first, and 0.33
+0.03 eV and 3 X 107 sec for the second peak. In
view of our ITC results of the series SrF,:R* it
remains to be seen whether the error bars as
given by W and M are large enough. It is possible
that the composite band in SrF,:Eu is a superposi-
tion of two peaks similar to the ones that are ob-
served in SrF,:Sm. The similarity between Sm and
Eu follows from the well-known phenomenon that
Eu, too, has a tendency to be present in the diva-
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lent state. In contrast with Sm?* the Eu?* impuri-
ties do not give rise to blue colored crystals.

D. Interaction between different kinds of dipoles

In order to study the interaction between two dif-
ferent kinds of dipoles in one sample, we have ex-
amined a number of crystals SrF, simultaneously
doped with La and Lu in varying concentrations.

In these crystals both type-I and type-II dipoles
are present. This is also the case in SrF,:Gd, Th,
Dy. Equations (12) and (15) are applicable to the
experimental results of these samples.

Although the values of the parameters presented
in this paper are all based on computer fits with
qualities varying between good and excellent, it is
seen that the determination of p is relatively inac-
curate (cf. Figs. 3 and 5). In order to achieve re-
liable estimates for the value of p,/p, it is there-
fore necessary to consider the results from the
excellent fits only. For these we estimate the
maximum error in p to be 0.0010 eV. The experi-
mental results have been compiled in Table V. It
appears that, in spite of the high-quality require-
ments imposed on the computer fits, we still deal
with large errors in the calculated values of iJz/ b,

According to the theory, p,/p, equals unity when
elastic deformation effects are dominant, whereas
P2/Py = 1y/ i, in case we only deal with electrostatic
dipole-dipole interaction. Sherstkov et al.'® have
found from electric field effect experiments on
SrF,:Gd that p,/p,=2.0+0.5. Matthews and Craw-
ford,'* who studied the ratio of the concentrations
of type-I and type-II dipoles in SrF,:Gd as a func-
tion of polarization temperature, find p.z/ py=2.4
to give the best agreement with their experimental
data. In our laboratory electric-field-effect ex-
periments are in progress in order to determine
the effective dipole moments more accurately.
Preliminary results'® indicate that indeed the val-
ue of p,/p, exceeds the UPIM value of V3.

From Table V it follows that p,/p, =1.75+0.50.

TABLE V. ITC data for SrF, samples containing different kinds of dipoles.

Sample No. Dopant Ey (eV) p (eV) Ty (sec) N, (em™3) ba/by
: I Cem oo sexdem  ipgen  LeTs00
: I eem oo aagu  saqen  Leaeles
’ T 0e ees amaiet  amaaon 1892070
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As the theory predicts a value between 1 and

p.z/ Ky, We conclude, regarding the quoted experi-
mental determinations of p,/p,, that both elastic
lattice deformation and electrostatic interaction
are responsible for a significant broadening of the
ITC band.

IV. DISCUSSION

A. Relaxation parameters

For type-I dipoles in SrF,:R** we have found for
the characteristic relaxation time —14.3 <log,,7,
< -13.3 with no significant correlation between 7,
and the radius of the R3* ion. The type-II dipoles
also lack this correlation, but have slightly longer
relaxation times: -13.7 <log,,7, < -13.0. Timans
and Den Hartog® have performed ir-absorption ex-
periments on R*-H;” dipole complexes in SrF,.
These dipoles are very similar to the R3*-F;" com-
plexes studied in this paper. The ir-technique
allows one to determine the frequencies of the var-
ious vibrational modes of the dipole with an ac-
curacy better than 0.5%. In this way Timans and
Den Hartog have observed that the maximum varia-
tion in 7, in going from La to Dy (type-I dipoles) is
6%. Our (less accurate) ITC results are in agree-
ment with this behavior. Lenting et al.,* in their
paper on reorientation of dipoles in SrF,:R, have
calculated from Eq. (17) corrected activation en-
ergies starting from the assumption .nat 7, has a
constant value. For type-II dipoles .they apparent-
ly have chosen a wrong value of 7, but their re-
sults concerning type-I dipoles are seen to be con-
firmed by an analysis of the data with the extended
ITC formula.

Provided that a reliable value of 7, is available,
it therefore appears that the method of calculating
E, from T, by means of Eq. (17) leads to more
accurate results than, for example, the use of an
Arrhenius plot of the low-temperature side of the
ITC band. We have shown before® that the slope of
the straight line in such a plot depends rather
strongly on the dipole coricentration. The temper-
ature of the maximum of the peak is not affected
by changes in the dipole concentration.

It has been suggested by Lenting et al.* that re-
orientation of nnn dipoles takes place by means of
a jump of the F;” ion to a neighboring nn position.
As, in general, nn dipoles reorient at lower tem-
peratures than nnn dipoles, the F;” ion is then
able to rotate freely around the R3* ion, so that the
frozen in polarization can disappear completely.
Recently, Matthews and Crawford!¢ have given a
detailed discussion of the dipole relaxation mech-
anism in SrF,:Gd. They also presented experi-
mental evidence for the correctness of the above
mentioned model. It seems to be applicable to the

whole range of rare earths in SrF,, except for Sm
and Eu. We have found that the ITC band near T,

' =146 K in SrF,:Sm should be ascribed to reorienta-.

tion of type-II dipoles.

The observed value of 7, is about ten times as
large as it is for other type-II dipoles, which in-
dicates that we are dealing with a different relaxa-
tion mechanism. The occurrence of a second very
small peak near T, =161 K probably has to be ex-’
plained in terms of this mechanism. For example,
part of the jumping F,” ions may be trapped in
some potential energy minimum different from an
nnn site. The anomalous behavior of N,II as a
function of 7', and ¢, (cf. Table IV) points at a more
complicated reorientation mechanism, too.

B. Dipole-dipole interaction

The theoretically calculated values of m in p =mN,
(cf. Sec. II B) are too small by factors of 5.6 and
2.7 for type-I and type-II dipoles, respectively,
when the broadening obtained from the crude elec-
trostatic interaction model is compared with the
experimental results. For type-I dipoles a refine-
ment of the model by including the saddle-point
configuration, appears to give only a slight change
in m. We feel that the crudeness of the model can-
not account for the observed discrepancy alone.
Also the presence of considerable amounts of
monopoles can be ruled out. It has been found by
several authors that the concentration of mono-
poles increases drastically at high R3* concentra-
tions. From EPR experiments on SrF,:Gd we have
found that in our samples the concentration of
cubic Gd* impurities relative to the dipole concen-
trations is extremely small. As we have used for
our ITC studies samples with R3* concentrations
which are similar to the EPR samples mentioned
above, we may conclude that in general the broad-
ening due to monopole-dipole interactions can be
neglected.

Evidently, only interactions between dipolar de-
fects should account for the broadening of the ITC
bands. Electrostatic interaction cannot do so
alone. Therefore we have to assume that there is
a significant contribution to the broadening of the
ITC band from elastic deformations induced by di-
polar electric fields. It was shown in Sec. IIB
that this kind of interaction is indeed comparable
in magnitude with electrostatic interaction. More-~
over, the elastic contribution has been seen to be
more dominant for smaller dipole strengths. This
would explain why the agreement between theory
and experiment is better in the case of type-II di-
poles than it is for type-I dipoles.

In Sec. IIID, too, we have shown that elastic ef-
fects are not negligible. A second check is offered



by a comparison of Eqs. (13) and (16) with the ex-
perimental data given in the captions of Figs. 3 and
5. Equation (13) (dominating electrostatic interac-
tion) gives p,/p,=1.3+0.3 and Eq. (16) (dominating
elastic effects) gives p,/p,=1.8+£0.5. The error
bars follow from estimated maximum deviations

of 15% in m, and m,. With regard to the previously
quoted experimental determinations of /%
we conclude again that elastic lattice deformations
cannot be neglected.

V. CONCLUSIONS

The usefulness of the extended ITC formula has
been well established by the experimental results
presented in this paper. We have found that 7,
does not depend significantly on the nature of the
rare-earth ion in R*-F,” dipole complexes, which
agrees with the results of ir-absorption studies®
on R*-H," centers. There exists a slight depen-
dence between the unperturbed activation energy E,
and the radius of the R3* ion. Probably, also the
electronic polarizability of the R3* ion influences
E,. The variations in E; are limited to a couple
of hundredths of an electronvolt.

The drastic change in the type of charge compen-
sation that is observed in going from Gd (dominant
nn compensation) to Dy (dominant nnn compensa-
tion) indicates that the difference in the association
energies for these types of charge compensation
is also of the order of 0.01 eV. This explains why
only a small change in the surroundings of a di-
pole, such as the presence of an additional Sm?*
ion located next to a Sms"-F,' complex, may give
rise to dominant nnn compensation instead of the
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expected nn compensation.

The extra parameter p, introduced to account
for dipole-dipole interaction, provides valuable
information about the type of charge compensation
(cf. SrF,:Sm) and about the nature of the interac-
tion effect. We have shown that electrostatic in-
teraction between dipoles alone cannot explain the
observed peak broadening; also contributions from
elastic lattic deformation have to be considered.

A tentative theoretical treatment of elastic pertur-
bation effects appears to support this conclusion.

Lenting et al.* proposed that reorientation of
nnn dipoles takes place via subsequent jumps of the
F,;” ion through nn sites. Independently, this re-
laxation mechanism has been proposed by Matthews
and Crawford!?; they also reported experimental
evidence for its correctness. The observed fea-

" tures in SrF,:R* are in agreement with this model,

except for Sm and Eu, which show a deviating be-
havior.
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