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In this paper we present an analysis of the results of various experiments [electron paramag-
netic resonance (EPR), electric field effect (EFE) in EPR, and electron-nuclear double reso-
nance (ENDOR)] on orthorhomic Gd**-M * complexes in CaF,. From the detailed and sys-
tematic study of the series of complexes (M *=Li, Na, K, Rb, and Cs), we obtain a consistent
picture of the mechanisms giving rise to the zero-field splitting of Gd** in ionic materials, a
problem that has puzzled scientists for a number of years. It appears that the zero-field split-
tings for the systems investigated can be explained in terms of a self-consistent polarizable-
point-charge model using coupling mechanisms published in the literature. This conclusion is in
contrast with those drawn by several authors in the literature and leads to a reconsideration of

the merits of the polarizable-point-charge model.

I. INTRODUCTION

We have investigated in earlier papers'™ the effect
of the size of the compensating monovalent metal
ion (M) on the crystal-field parameters of trivalent
Gd** in local charge compensation centers in cubic
alkaline-earth halides; a schematic representation of
these centers is given in Fig. 1. These defects can be
studied easily because our crystal growth techniques
allow us to introduce sufficient concentrations in the
materials used for our experiments: CaF,, SrF,,
BaF,, and SrCl,. In the crystals mentioned most of
the orthorhombic (C,,) Gd**-M * centers (where
M ™ refers to a monovalent alkali ion) can be studied
by means of the EPR technique. For the electric
field effect (EFE) and the electron-nuclear double
resonance (ENDOR) experiments, crystals with high
defect concentrations are required; in addition, the
EPR lines should be as narrow as possible. These
conditions limit the number of combinations that can
be investigated by means of this technique.

It is the purpose of this paper to combine the
results of EPR, EFE, and ENDOR experiments in or-
der to obtain a consistent picture of (i) the mechan-
isms that give rise to the second-degree crystal-field
splitting for Gd** in ionic crystals; (ii) the displace-
ments of the ions surrounding the Gd**-M * com-
plex. Useful information concerning these properties
has been obtained from a systematic series of experi-
ments in which the different experimental techniques
provide us with parameters determined independent-
ly. Especially the effects of the ionic radii of the M *
impurities, which vary from 0.68 A for Li* to 1.67 A
for Cs*, have contributed significantly to the level of
understanding.

Lefferts, Bijvank, and den Hartog® have shown that

n

odd crystal-field terms contribute to the zero-field
splitting of Gd**; therefore, we have taken this effect
into account in the present treatment. In some cases
this contribution may lead to a change of sign of the
parameter BY. From theory we have found that the
odd crystal-field contributions to B are negligible;
this has been confirmed by our experimental results.
It is obvious that with increasing M * radius the
ions neighboring the M * impurity will relax away
from the lattice positions. The zero-field splitting of
the Gd** ion depends strongly upon the contributions
from the fluoride ions neighboring this impurity; thus
for a description of the zero-field-splitting parameters
the positions of the fluoride ions neighboring both
Gd** and M * are important parameters to determine.
Unfortunately, ENDOR is not a conclusive technique
for the determination of positions of the first coordi-

\\y O=F

FIG. 1. Three-dimensional schematic representation of a
Gd3*+-M * complex in CaF,. The system of axes has been
indicated by x, y, and z; Ax(F), Az(F), and Az(Gd)
represent parameters used in Sec. I B.

4121



4122 E. J. BUVANK AND H. W. DEN HARTOG 22

nation shell. ENDOR gives important information
about the positions of more distant fluoride ions.
From a comparison of the EPR and the EFE results
we have been able to find a set of displacement
parameters of the first-shell fluoride ions mentioned
above. These displacement parameters are consistent
with the results of both techniques. It should be em-
phasized that all calculations are based upon the po-
larizable-point-charge model, which appears to work
satisfactorily for the ionic materials under investiga-
tion.

II. EXPERIMENTAL PROCEDURES

The methods employed for the preparation of the
crystals have been described in Refs. 2 and 3. Special
attention has been paid to optimize the growth condi-
tions to obtain materials with narrow EPR and EN-
DOR lines. '

The EPR and ENDOR experiments have been car-
ried out with a Varian E-line Century Series setup.
The magnetic field strength is Hall controlled. The
NMR power (up to 10 W) is applied to a coil mount-
ed onto the quartz tail of an insertion cryostat con-
taining liquid He. The crystal, which is surrounded
by the liquid He, is rotatable about a vertical axis,
usually chosen parallel to [110]. Also, rotation of the
cryostat is independent of that of the crystal. This al-
lows us to find the maximum ENDOR signal intensi-
ty without losing the orientation of the crystal with
respect to the magnetic field direction.

In the ENDOR experiments the magnetic field
strength is kept at a constant value, such that the ob-
served signal intensity shows a maximum,; this signal
is detected using 100-kHz magnetic field modulation.
The NMR field is obtained by a Hewlett-Packard HP
8601 A sweep generator capable of generating fre-
quencies up to 110 MHz. This frequency is modulat-
ed by an external source (400 Hz). The 400-Hz
component of the signal is amplified by means of a
lock-in amplifier. In order to obtain maximum NMR
power in the coil, the circuit containing the coil was
kept in resonance by means of a variable capacitor.
For our setup this could be done for the frequency
range 2—30 MHz. This range can be extended easily
by exchanging the coil system.

Using good quality crystals (0.15 cm?®) we obtained
ENDOR spectra of cubic Gd*>* with a signal-to-noise
ratio of 100 for an RC time of 0.3 sec. The ENDOR
spectra of the Gd3*-K* complexes are much more
difficult to detect because the concentration of these
defects is lower than that of cubic Gd**; in addition,
the EPR and ENDOR lines are generally split, lead-
ing to an appreciable reduction of the signal intensity.
For the best crystals a typical value of the signal-to-
noise ratio is 30 at an RC time of 3 sec.

III. EXPERIMENTAL RESULTS
A. EFE experiments

In order to obtain more information about the ori-
gin of the crystal-field splitting of trivalent gadolini-
um ions it was found necessary to investigate the
strength of the parameters associated with the odd
crystal-field interaction.>>® In an earlier paper’ we
found values for the odd crystal-field parameter ¢!
for complexes of the type Gd**-Li*, Gd**-K*, and
Gd**-Ag* in CaF,. The result of an EFE experiment
on Gd**-Na* complexes in CaF, has been given in
Fig. 2. The experiment has been carried out on the
EPR transition —-% *-’—%; the magnetic field direc-
tion is along the [110] axis and the Gd**-Na* com-
plex is oriented along the [110] axis. The electric
field is also along [110]. Figure 2 shows that the
electric field broadens the EPR line due to the fact
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FIG. 2. EFE of the —3 ——= transition of a Gd**-Na*

complex. The z axis of the complex is along [110] as is the
electric field E. The magnetic field is chosen along [110].
In the upper curve we show the changes of the EPR line
when an electric field of 20.2 kV/mm is applied. The
broadened line in the upper figure is a superposition of two
EPR lines which have shifted into opposite directions (see
lower figure). The two traces shown in the lower figure
have been calculated theoretically from a fitting procedure;
they should add up to the broadened line in the upper fig-
ure.
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that the line splits up into two components. One of
the lines is associated with complexes parallel to the
electric field and the other line is due to complexes
which are antiparallel to the electric field. The two
lines are not resolved but the splitting can be ob-
tained by fitting the displacement of the lines by
means of a computer. The result has been shown in
the lower part of Fig. 2. )
In Fig. 3 we show the splitting of the EPR lines as
a function of the applied electric field. Reliable
results are obtained for electric field strengths larger
than about 10 kV/mm. From Fig. 3 it is clear that
we are dealing with a linear electric field effect, con-
sistent with the lack of inversion symmetry; the sys-
tem under consideration'™ has orthorhombic sym-
metry (C,,). Unfortunately, we can only study the
EFE of ‘“‘perpendicular’ complexes because the

7 I . .
—% > — transition associated with ‘‘parallel’” com-

plexes is hidden under the cubic transitions which are
far stronger in intensity. This is in contrast with the
results obtained for Gd**-K* and Gd**-Ag*, where
the lines associated with the ——% '-*—% transition of
parallel complexes are quite well observable for
HII[110]. The advantage of studying the EFE of
EPR lines due to parallel complexes is that the in-
duced splitting is a factor of 2 larger than ror perpen-
dicular complexes. The EFE of parallel complexes
has been studied for Gd**-Rb* in CaF,. Here too,

20
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FIG. 3. Linear EFE of the —% '-’—-% transition of per-

pendicular Gd3*-Na* complexes in CaF,, i.e., ZII[110] and
H I [110]. In this experiment EIl[110].

5 7 . ..
we have chosen the —3 **—7 transition as it gives

the largest splitting between the individual lines con-
nected with parallel and antiparallel complexes. It
can be seen from Fig. 4 that the results are reliable
for field strengths higher than about 22 kV/mm.
This limitation on the reliability is due to the larger
linewidth of the signal used for the EFE experiment;
also the magnitude of the EFE is smaller. In addition
the intensity of the signal was smaller, which is
caused by the fact that Rb* ions are difficult to intro-
duce into the CaF, crystal. The transition investigat- -
ed is located at 6090 G and the conditions are
Hi[110] and EN[110].

Until now we have only investigated the electric
field effect of charge compensation centers with their
symmetry axis along E and the magnetic field H
parallel or perpendicular to Z. It can be shown that
these types of experiments only give limited informa-
tion about the odd terms in the spin Hamiltonian. In
order to learn more about these parameters, electric
field effect experiments have been carried out for dif-
ferent angles between the electric field direction and
the magnetic field direction. For these experiments
we have used calcium fluoride crystals doped with
Gd** and Na* because for Gd**-Na* complexes we
have observed relatively large electric field effects. If
the electric field is along the z axis of the complex
and the angle between the Z and H is 9, the splitting

AG)
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FIG. 4. Linear EFE of the — ——2 transition of parallcl

Gd**-Rb* complexes in CaF,; here, HII[110], Ell [110],
and Z11[110]. \
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TABLE 1. Crystal-field parameter BY of Gd**-M* com-
plexes in CaF, as measured with EPR (Ref. 2). BY* is the
contribution to BY from the even electrostatic crystal-field
term only.

M* BY (G) BY* (G)
Lit 17.7 -21.7
‘Na* 34 -31.9
K* 83.6 71.3
Rb* 141.8 138.7
Agt 50.9 22.2

of the —% —'—% transition can be written as
A=12[(3cos?0—1)BY (EFE) +sin’0B7 (EFE)] ,
(1)

and H in the yz plane of the complex under con-
sideration. We have investigated closely the situation
where 9 =54.7°; here (3 cos?6—1) =0 and we only
deal with the contribution associated with B (EFE).
For electric field strengths up to 30 kV/mm, no evi-
dence for an electric effect has been observed and
because in this situation

A =8B} (EFE) , )

we conclude that B7 (EFE) is very small or zero. We
note that this has been predicted by Bijvank, den
Hartog, and Andriessen? from a theoretical treatment
on the basis of the equivalent even field method pro-
posed by Kiel and Mims”? and Parrot.® From this
result it is concluded that the second-order contribu-
tions to the crystal-field parameter B# as proposed by
Bijvank, den Hartog, and Andriessen,? caused by odd
crystal-field terms are small or zero for orthorhombic
symmetry. This is in contrast with the results for BY;
it can be shown that second-order contributions due
to first-degree crystal-field terms can be quite signifi-
cant. In some cases these contributions change the
sign of the parameter BY (see Table I) and therefore
a careful study of the first-degree crystal-field param-
eters is of importance for the understanding of the
phenomenon of the zero-field splitting of Gd** in
crystalline hosts.

B. Combined interpretation of EFE and
crystal-field measurements

The linear electric field effect has been employed
by Lefferts ef al.? to check the polarizable-point-
charge model, which has been widely used to calcu-
late the zero-field splitting of Gd** impurities in crys-

talline hosts. These authors have shown that this
model accounts roughly for the trends observed for
both the EFE experiments and the crystal-field split-
ting. .

In the present investigation we have considered the
new EFE results and found that relaxation of the
Gd** impurity with respect to its immediate sur-
roundings is quite important to obtain a consistent
picture of both the EFE and crystal-field splitting
results. It turns out that with three displacement
parameters: Az(Gd), Az (F), and Ax (F) (see Fig.
1) the experimental results for the crystal-field split-
ting and the EFE can be explained reasonably well.
The magnitudes of the various displacement parame-
ters are in agreement with the expectations based on
considerations of the relative sizes of the monovalent
impurities and the excess negative charge within the
point-charge model.

Another advantage of the method employed here is
that the dipoles induced at the various ions in the
neighborhood of the defect are calculated using the
total electric field at the ions including contributions
from effective dipoles due to ions shifted from the
cubic lattice sites and dipoles induced by the presence
of electric fields. This interdependence implies that
we had to employ an iterative approach such that first
the electric fields are calculated, then the induced di-
poles are evaluated and in the next step the electric
fields at the ions are calculated using the new in-
duced dipole moments. This procedure is repeated
several times until the electric fields at the ions are
stabilized; subsequently, the theoretical EFE and the
crystal-field splitting parameters can be calculated. A
detailed survey of the method has been presented in
Appendix A. The contributions that point charges
give to the various crystal-field splitting parameters
have been given in Refs. 2 and 3. Contributions due
to ‘‘displacement dipoles’’ and induced dipoles can
easily be calculated (see Appendix A).

It was shown in our earlier papers that we are able
to describe the observed crystal-field parameters quite
satisfactorily by means of Egs. (8) and (9) of R&f. 2.
However, we note that we have seen® that the results
of electric field effect experiments on Gd**-M * com-
plexes in CaF, deviate from the expected values by
approximately a factor of 3, indicating that either the
odd field contribution to the crystal-field parameter
B? or the description of the coupling between the
even crystal field and the magnetic energy levels is
insufficient.

In order to check the uncertainties in the models
we have varied the proportionality factors occurring
in the relations describing BY, B, and c{. According
to Refs. 2 and 3 we can write ‘

B =10.20 x 1078c9 +4.980 x 1079(c?)? ,  (3)

and
B} =1020x%10""%¢7 . 4)
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TABLE II. Experimental and calculated crystal-field parameters B9, BZ. and ¢} for the different
alkali ions in a Gd®*-M™* complex in CaF,. The theoretical values have been fitted to the experi-
mental ones on the basis of Egs. (5) and (6); the associated displacement parameters have been

given in Table 111

BY (G) B} (G) le?] (10° V/m)

M+ Expt. “Theor. Expt. Theor. Expt. Theor.
Lit 17.7 18.3 —46.6 -51.1 1.5 (=) 6.5
Na*t 34 3.1 -30.0 —28.5 7.1 (=) 6.7
Agt 50.9 55.2 —26.3 —-25.8 6.4 (=) 3.2
Kt 83.6 783 -20.1 -30.0 42 (=) 23
Rb* 141.8 146.5 -11.9 —-10.4 -2 1.9
Cst 220.5 110.2 —4.0 2.8 ce 4.1

The factor 10.20 x107'® comes from Hutchison, and

Judd, and Pope’ coupling mechanism and the Wy-

2 _ ~18,2
bourne mechanism.'® The contribution to BY due to By =15x107%cy , ®)

odd crystal-field interactions has been calculated us-
ing the Kiel’ and the Parrot® mechanism. It has been
found that the proportionality factors occurring in
Egs. (3) and (4) are not fully certain since we know
too little about the mechanisms giving rise to the
crystal-field splitting and the EFE. Especially the re-
lations describing the EFE given in Ref. 3 [Egs. (10)
and (11)] contain various contributions of opposite
signs and approximately the 'same magnitude. We
have found that an increased value of this factor
leads to an improved overall explanation of our ex-
perimental observations. The relations

BY =10.20 x 10739 +7 x 1071%(c{)? , (5

and

B} =10.20%x 1078} , (6)

give the best description of the experimental observa-
tions if only the proportionality factor associated with
the contribution to the odd crystal-field terms is
varied; values smaller than 4.98 x 10! need very
large displacements of the Gd impurity. Also the
results in accordance with Egs. (3) and (4) lead to a
discrepancy especially for the parameter c{ (compare
the results in Ref. 2). If we change the proportionali-
ty factor connected with the even field contributions
we also have to change the one associated with the
odd fields by the same relative amount. Employing
smaller proportionality factors than 10.20 x 107'8 for
¢¥ and c7 leads to unrealistic results for the displace-
ments of the Gd** impurity within the defect. The
relations

BY=15%x10"18¢9 +7.5%x107(c{)? , @)

lead to a good agreement if rather large values for

Az (Gd) are chosen. More reasonable displacements
of the Gd impurity are found if we employ Egs. (5)
and (6). The best fit of the parameters B, B}, and
¢ with Egs. (5) and (6) has been given in Table II
and the associated displacement parameters have
been compiled in Table III. The overall agreement
between the experimental and fitted crystal-field
parameters is quite satisfactory and it can be seen
from Table 1II that the x displacement of the fluoride
ions neighboring both the Gd** and the M * impurity
shows a definite trend to increase with increasing M *
radius. This result is similar to that obtained by
Bijvank, den Hartog, and Andriessen.? However, the
trend observed for the z,displacement parameter of
these fluoride ions is opposite to that observed in
Ref. 2. We emphasize here that the trend shown in
Table 111 is less definite than the one found in our
earlier work. New is the displacement found for the

TABLE IIl. Displacement parameters Az (Gd), Ax(F),
and Az (F) as indicated in Fig. 1 which have been fitted to
the experimental crystal-field parameters using Egs. (5) and
(6).

Az (Gd) Ax(F) Az (F)
M* (A) (A) (A)
Lit 0.10 0.05 0.04
Na* 0.10 0.03 0.06
Agt ; 0.05 0.10 0.03
K+ 0.05 0.13 0.03
Rb* 0.00 0.22 0.01
Ccs* 0.00 0.30 0.00
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TABLE IV. Displacement parameters Az (Gd), Ax(F), -
and Az (F) as indicated in Fig. 1 which have been fitted to
the experimental crystal-field parameters on the basis of
Egs. (7) and (8).

Az (Gd) Ax (F) Az (F)
m* (A) (A) A
Lit 0.15 0.047 0.08
Nat 0.15 0.035 0.09
Agt 0.15 0.075 0.08
K* 0.10 0.098 0.055
Rb* —0.05 0.14 0.035
Cst —0.05 0.24 0.028

Gd** ion which turns out to be significant for small
M ™ ions and decreases for increasing M * radii. For
the Gd*>*-K* complex we have found a value of
Az(Gd) =0.05 A, which agrees reasonably well with
the results of ligand ENDOR experiments on these
complexes in CaF,, reported in Sec. III C of this pa-
per.

The displacements obtained with the alternative
formulas (7) and (8) have been compiled in Table
IV. The corresponding fit of the parameters is of
about the same quality as the fit shown in Table II.
It is obvious from Table IV that the displacement
parameter Ax (F) also increases with increasing M *
radii, especially for R, + > 1.0 A. The Az(F) values

in Table IV show the same behavior as in Table III.
An appreciable difference between Tables III and IV
is that the shift of the Gd** ion in Table 1V is signifi-
cantly larger than in Table III. Also the variations as
a function of the M * radius are larger in Table III,
and there appears to be a discontinuous change of
the Gd position if we replace K* by Rb*. This
discontinuity has not been found in the results of the
calculations, which are presented in the following pa-
per. In addition, we note that Az (Gd) =0.10 for the
Gd**-K* complex in CaF,, which is too large com-
pared with the experimental value obtained from EN-
DOR experiments.

C. ENDOR experiments on CaFZ:Gd“, K*
and CaF,:Gd**, Li*

In order to obtain detailed information about the
relaxation of the ions neighboring the complex ligand
ENDOR on Gd**-K* and Gd**-Li* complexes in
CaF, have been carried out. Special attention has
been paid to the preparation of the samples to obtain
as narrow absorption lines as possible. The ligand
ENDOR experiments have been carried out on sam-
ples containing Gd isotopés in the natural abun-

dances. .

The ENDOR experiments have been performed
with the magnetic field direction in the (110) plane
and it was found that the most important information
could be drawn from the experiments with
Holl (110), Holl (100), and Holl (111), and for H,
along a direction 6° of arc away from (111) into the
direction (110). For the interpretation of the EN-
DOR results of the orthorhombic complexes it is
necessary to compare the spectra with those obtained
for cubic Gd** for exactly the same orientation. This
is possible because in our samples orthorhombic
centers as well as cubic Gd** ions are present in suf-
ficient concentrations. With the ligand ENDOR ex-
periments reported here we have investigated the
equilibrium positions of some F~ ions neighboring
the Gd** impurity.

The positions of the ENDOR lines can be
described by a spin Hamiltonian containing many
terms of various different interactions even if we lim-
it ourselves to complexes containing a Gd nucleus
without a nuclear spin

X=guzH S +BYOY +B}0} +BOJ
+B}0} +Bi0} +Bl0Q + B}0¢ + BEO¢ + BEO§

+E (’S‘KJT_, +gF[.LNI_:I'Tj) . (9)
j=1

It is possible to derive the values of the parameters in
the spin Hamiltonian from the measured ENDOR
line positions only if the complete Hamiltonian is di-
agonalized. This can be done by using an extended
computer program as given in Ref. 2. Most impor-
tant for the determination of the positions of the F~
ions neighboring the Gd** impurity are the values of
the isotropic and anisotropic hyperfine interaction
constants. Only more distant F~ ions can be treated
by means of ENDOR results in an accurate way. If
one is dealing with F~ ions neighboring the Gd** im-
purity, the experimental results do not allow conclu-
sions about the positions of these ions because there
are contributions to the hfs constants due to: contact
interaction, classical dipole-dipole interaction, co-
valency, overlap, and polarization of the electron
clouds.

In order to describe the charge compensation de-
fect, we have given a three-dimensional schematic
representation of the immediate surroundings in Fig.
5. This figure shows ions surrounding the Gd** im-
purity up to the third shell of fluoride ions. The
characters associated with the fluoride ions are im-
portant because we have to distinguish between these
ions when we describe the various ENDOR lines.
Another complication that occurs when the ENDOR
spectra are studied is that there are different orienta-
tions of the complexes in the crystal lattice. The di-
poles are aligned along any of the (110) axes. For-
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FIG. 5. Schematic representation of a Gd3*-M * complex
in CaF,. Equivalent fluoride ions are indicated by the same
character.

tunately, the EPR results are highly accurate, imply-
ing that we always knew what type of orthorhombic
centers we were looking at.

We shall first consider the first coordination shell
of fluoride.ions. There are eight F~ ions, which can
be divided into three groups: first we have two ions
neighboring the Gd** and the M * impurity, secondly
there are four ions located in the plane perpendicular
to the z axis of the center, which contains the Gd**
impurity and, thirdly, there are two more F~ neigh-
bors, which are far away from the M * ion. It is ob-
vious that these three different types of F~ neighbors
have different displacements because of the presence
of the M * impurity. In addition, we also expect that
the Gd** impurity will be displaced from the substitu-
tional site. For the second group of F~ ions we have
found ten experimental ENDOR frequencies, which
could be fitted with the spin Hamiltonian. Similarly
we have obtained nine ENDOR frequencies for the
F~ ions of the first and third group each. This infor-
mation is not sufficient to estimate the positions of
the fluoride ions under consideration as will be clari-
fied in the following.

The extra contributions to the spin Hamiltonian
due to the presence of one fluorine nucleus can be
written as

3CF=gruNﬁ~T+ zAijjIk . (10)
Jk

If the hyperfine tensor elements Ay are determined
by contact interactions and dipole-dipole interactions
only, these tensor elements are given by the follow-
ing formulas

A=A, — A, + 34, 5in’0 cos’s
A, =A;— A, +34,sin’9 sin’p
An=A;— A, +34,cos*9

Ay = Ay =34, sin’0 sing cosé
Ayy = A, =34, 5in8 cosd cosd
Ay, = Az =34, sinf cosd sing

(1n

Here we have chosen the frame of axes (x,y,z) in ac-
cordance with our earlier work and Fig. 1; 8 is the
angle between the Gd**-F~ axis and the z axis; and ¢
is thé angle between the projection of the Gd**-F~
axis in the xy plane and the x axis; 45 and A4, are the
isotropic and the anisotropic hfs constants, respec-
tively (see also Bill'' and Baker and Christidis'?).
Covalency and overlap will cause relative changes in
As and A, and this makes it hard to estimate the po-
sitions of the nearest F~ ions relative to the Gd** po-
sition. It has been suggested by Baker and Chris-
tidis'® that the electrostatic polarization caused by the
presence of excess charges may give rise to signifi-
cant contributions to the superhyperfine interaction
associated with nearest neighbors. These contribu-
tions can be represented as follows

xpm: 2 FUkEiSj[k ’ . (12)
ij.k X
where E; are the components of the local electric field
at the defect. It can be shown that for the F~ ions of
the first coordination shell there are at least eight Fy
which are unequal to zero. It is easy to see that the
contributions given in Eq. (12) give rise to extra
terms in the expression for 4, [Eq. (11)]. Arkhipov
et al.'* have investigated the effect of polarization in-
duced by an externally applied electric field on the
superhyperfine interaction of the nearest neighbors
of Gd** in CaF,. These authors have studied sam-
ples with applied fields as high as 50 kV/mm. The
largest shifts of the ENDOR lines were 30 kHz. For
the F~ ions neighboring both Gd** and Li* the addi-
tional electric field caused by the orthorhombic sym-
metry of the center is calculated to be 1.7 x 10
V/m; extrapolating the experimental results of Ar-
khipov et al. we find additional shifts of the order of
3 MHz. For Gd**-K* complexes the corresponding
electric field is more than a factor of 3 sn\aller and
therefore the shifts associated with polarization are

20
E | Na
>
Ke)
Tl
w
i K Rp G
0 L A i
s 1.0 2.0

o4 1.5
ionic radius(A)

FIG. 6. Calculated additional electric field strength at ions
b (see Fig. 5) relative to the field strength found for cubic
Gd3*, as a function of the ionic radius of the M* jon.
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(a)

(b)

20(MHz)

7

18(MHz2)

FIG. 7. (a) ENDOR spectrum obtained from the S, =—;— °-% transition of cubic Gd3* in CaF,. The magnetic field strength is
2638 G and H Il [100]. The z axis of the complex is along [011] or [011] (the corresponding EPR lines coincide). The tf field is
along [011]. The ENDOR line indicated in this figure corresponds with nuclei in the first coordination shell. It shows a splitting
due to a minor misorientation of the magnetic field. This line has been given in detail in (b). (b) The indicated ENDOR lines
of (a) have been given in the lower part of the figure. In the upper part of the figure the corresponding ENDOR lines for a
Gd3*-Li* complex have been given (EPR line at 2841 G). These lines have split up into three groups corresponding with the
three groups of nuclei (a, b, and ¢) in the first coordination shell (see Fig. 5).

smaller. In Fig. 6 we have plotted the electric field
strength at the F~ ions mentioned as a function of
the M* radius. The magnitude of the polarization ef-
fect is such that it is quite difficult to calculate the
ionic positions of the first shell F~ ions from the ob-
served hyperfine parameters A .

For Gd**-K* complexes we have analyzed the
shifts of the ENDOR lines associated with the ions a,
b, and ¢ (see Fig. 5). In Fig. 7 we given an example
of our ENDOR results on Gd** in CaF,:Li*. For one
of the lines we show the observed shifts due to the
presence of the charge compensator. Considering
these shifts for centers of orthorhombic symmetry
one should realize that the crystal-field terms such as
BJ0? and B}07 give rise to a splitting as compared
to the cubic situation. These splittings can be calcu-
lated because the crystal-field parameters are known
(see Ref. 2). We have found that ti.e elements of
the superhyperfine tensors for CaF,:Gd** K* can be
satisfactorily described by formulas (11). The largest

shifts observed are of the order of 2 MHz and typical
deviations between the observed and calculated
values are about 5% of the experimentally deter-
mined shifts. An analysis of the results for the first
shell F~ ions of Gd**-Li* complexes in CaF, reveals
that formulas (11) can no longer be maintained.
This is probably due to the polarization effect, which
is expected to be significantly larger for Gd**-Li*
complexes than for Gd**-K* because, as mentioned
above, the electric field is relatively large for Gd*>*-
Li*. The results of the calculation for ions 5 and ¢ of
As, Ap, and 0 are given in Table V.

From Table V we see that the ions & show the larg-
est deviations of the superhyperfine interactions as
compared to the cubic situation. This agrees with the
conclusions drawn from earlier experimental results
where we found that the ions b relax appreciably
away from the positions corresponding with cubic
Gd**. The present results suggest that for Gd>*-K+
complexes the superhyperfine interaction between the
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TABLE V. Superhyperfine parameters of ions b and ¢
(see Fig. 5) for a Gd**-K* complex in CaF, including the
parameters for cubic Gd3*.

Ion b lIon ¢ Cubic (ion b and ¢)?
A (MHz) —2.55 —1.58 —1.89
A, (MHz) 5.28 5.00 5.08
o (deg) 4.2 0.3 0

4See Ref. 12.

electron system and the nearest F nuclei is deter-
mined mainly by overlap and covalency, which can be
- described in terms of 4; and 4,. This situation
makes a reliable calculation of the ionic positions im-
possible. It is clear from the above discussion that
for Gd**-Li* complexes the situation is even worse
because of the polarization effects. If one would car-
ry out many highly accurate ENDOR experiments
one would be able to determine the values Ay, but it
is impossible to interpret the results in a straightfor-
ward way.

The second and third shell '°F nuclei show much
simpler hyperfine interaction with the Gd** 4/7 elec-
tron configuration. The hyperfine interaction is of
predominantly anisotropic nature and originates from
the classical dipole-dipole interaction. The ENDOR
lines observed for the F nuclei of the second and
third shell shi\ft because the Gd** ion has moved
away from the substitutional site; from Fig. 5 one ob-
serves that some of these nuclei are well separated
from the charge compensation center and therefore
the shifts of these F~ positions from the positions

corresponding with the cubic Gd3* center will be
small. Starting with these assumptions, the shift of
the cubic Gd* ion towards the neighboring K* im-
purity becomes 0.03 A. This conclusion could be
drawn from ENDOR results of F~ ions located at
113, 131, 311 (second shell) with respect to a Gd**-
K* complex with Gd*>* at 000 and K* at 022.

Another interesting result for the ions of the
second shell of F~ ions is obtained if one considers
the hyperfine interaction associated with ion d. Our
results indicate that these ions have shifted over a re-
latively large distance (0.28 A) outwardly with respect
to the defect. From Fig. 5 we immediately see that
indeed one of these ions is a nearest neighbor of the
K* impurity. For the ions of the third coordination
shell we have observed ENDOR lines that, as a result
of the large Gd—F distance, have shifted only very
slightly from the positions calculated for cubic Gd
perturbed by an orthorhombic crystal field. From the
observed line positions we have to conclude that the
shift of the Gd** from the cubic position is less than
0.04 K, which is not in contradiction with the shift
obtained for the ENDOR lines associated with the
second shell nuclei. This result has been obtained
from the F~ ions at 133, 313, and 331 of the Gd**-
K* center described above. In Table VI we have
compiled the shifts obtained for various ions in the
close neighborhood of the Gd**-K* complex in CaF,.

IV. DISCUSSION

From the results it is obvious that the EFE is larg/e/
for small M * impurities. Consequently, the contri-
bution of the odd crystal-field terms to the even crys-
tal field will be of interest especially for Gd**-Li™,
Gd**-Na*, and Gd**-Ag* complexes in CaF,. In ad-

TABLE VL. Shifts for some ions in the neighborhood of a Gd**-K* complex in CaF,, obtained
by means of ENDOR. The position of the Gd3* ion is 000, the position of the K* ion is 022.
Some ions are indicated by characters which correspond with those in Fig. 5.

Displacement (relative to the Gd3t

Ton position)
113, 0.28 A away from the K* ion (radial)
113, ¢ 0.03 A antiparallel to z
Second 131 0.03 A antiparallel to z
shell 31T 0.04 A towards the Gd3* ion (radial)
311 <0.05 A
137 <0.05 A
133 <0.04 A
Third . 313 <0.04 A
shell
331 <0.04 A
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dition we note that, just for these systems, the BY
values turn out to be rather small, implying that cer-
tainly for this group of defects it is necessary to take
into account these contributions. It is easy to show
that the introduction of the second-order term in Eq.
(5) for Gd**-Li* complexes leads to a change of sign
of BY. We have accounted for this effect in a straight-
forward way in terms of the electrostatic model. We
emphasize that in the superposition model, which is
used frequently today, this effect is neglected'’; be-

' cause of this, the superposition model is inadequate
to deal with the second degree crystal-field parameter
BY in the case of Gd**-M * complexes. Similar
agreement might hold for the other systems studied
in the literature; thus, if the Gd** ion is located at a
position without inversion symmetry, in general
higher-order contributions to BY and B# associated
with odd crystal-field interaction cannot be neglected.
In these particular cases a more detailed investigation
including the EFE is necessary.

In the present study we have investigated the
consequences of variations of the coefficients occur-
ring in Egs. (3) and (4), which have been derived in
Refs. 2 and 4. Our conclusions drawn from these
studies are: (i) the proportionality factor associated
with ¢J should be approximately correct; (ii) the pro-
portionality factor connected with the term (c{)? is
too small.

Reviewing the results obtained up to now we con-
clude that, although there is some uncertainty about
the odd field contributions, the general description of
the experimental results as given by the electrostatic
model is quite satisfactory. In addition, we em-
phasize that the F~ displacements found in accor-
dance with the various proportionality factors follow
roughly the same general trend when the M * radius
is increased (see Tables III and IV). Compared with
the results published earlier? the values given in this
paper show slight deviations. Whereas Az (F) in our
earlier work increased with increasing M * radius, it
reveals a decrease with increasing M ¥ radius in the
present paper. We note that, as before, the varia-
tions in Az (F) as a function of the M * radius are
small. Our calculations show that the iterative treat-
ment of the polarization effect causes the discrepancy
between the present results and those published in
Ref. 2. The most obvious effect deduced from the
crystal-field measurements and the EFE experiments
is the increasing outward x shift of the fluorine ions
neighboring both the Gd*>* and the M * impurity with
the increasing M * radius.

An interesting conclusion that can be drawn from
the theoretical calculations of BY, B#, and the ionic
shifts is that the influence of dipole-dipole interaction
between the induced dipoles on the crystal-field in-
teraction is quite significant. Although here we are
dealing with effective charges and dipoles in a polar-
izable crystal and one might expect the induced di-

poles to be of importance, we feel that this also ap-
plies to systems where one has large misfits between
the sizes of the impurity ions and the ions of the host
material. Thus, one should be careful with the in-
terpretation of the observed crystal-field splitting
parameters whenever the valency of the magnetic im-
purity deviates from that of the ions of the host crys-
tal. Moreover, the effect of displacement dipoles
resulting from relaxations in the neighborhood of the
defect will give rise to an interacting system of in-
duced dipoles, which contributes to the crystal field at
the central magnetic impurity.

The method employed to interpret the observed
crystal-field parameters BY and B# and the EFE in
terms of displacements of the central Gd** impurity
and two of the neighboring fluoride ions, contains ap-
proximations. A very important deficiency of the
model is that we have ignored the shifts of the other
neighboring ions; because of the long-range character
of the Coulomb interaction this may contribute con-
siderably to the crystal-field parameters and the EFE.
Considering a series of Gd**-M * complexes we are
able to eliminate this inaccuracy by looking at the
trends of the parameters mentioned above as a func-
tion of the M * radius. The variations of BY, B, and
the EFE are due to variations of the short-range
repulsive interactions associated with the different
M * impurities.

Our ligand ENDOR experiments have provided
useful information about the shifts of the various lat-
tice ions neighboring the charge compensation center.
These experiments have demonstrated that for
Gd**-K* complexes in CaF, the Gd** impurity has
shifted about 0.03 A towards the K* ion. The posi-
tion of the Gd** ion was measured by comparing the
ligand hyperfine interactions between the 47 electron
system and distant °F nuclei for cubic orthorhombic
Gd** impurities.

The interaction between the central Gd** 4/7 elec-
tron system and the nearest neighbor '°F nuclei can
be determined rather accurately with ligand ENDOR
experiments, but the interpretation remains too com-
plicated and therefore the shifts of these ions away
from the ‘‘cubic positions’’ cannot be calculated. For
more distant ions, however, ENDOR results may
lead to a rather accurate calculation of the ionic posi-
tions. We have observed appreciable displacements
for the ions in the second coordination shell of Gd**
neighboring the K* impurity (see also Fig. 5; ions re-
ferred to as d). The shift of the central Gd** ion is
in fair agreement with the results given in Table III,
which were derived independently from EFE and
EPR experiments. The Gd** displacement as shown
in Table IV, however, is a factor of 3 larger than the
ENDOR value, from which we conclude that the re-
lation between the magnetic parameters BY and B?
and the electrostatic parameters c9, cZ, and c{ are
best described by Egs. (5) and (6).
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APPENDIX

In order to calculate the second degree crystal-field
parameters B and B, according to Egs. (5) and (6),
we should know the electrostatic parameters c{, c¢J,
and cZ, which can be given by

o__¢© (Y4
€ 4meg ,2 R}
2 2

e < 00Z2-RY)

Cy 161['50 ’2 R,S ’ (Al)
Q,(X Y?)

c? =

€ 167reo ,2 ’

where we have only taken into account the monopole
contributions, due to the charges Q;e, located at posi-
tions ]—i,» with respect to the Gd** position. ~We have
also considered contributions from induced dipoles,
which can also be written in the form of lattice sums
as given in Eq. (A1),

" B Al oy
m( dipol =y — Ay
¢y (dlpo eS) - 8/\,: eQi i (')Y, eQi
6c,"' aiEz“)
A2
BZi eQi ( )

Here, «; is the polarizability of ion i and E\”, E,\”,
and E,' are the components of the electric field at
ion i. In order to calculate ¢/ (leoles) it is necessary
to evaluate the electric fields E °. The electric field
consists of two important contnbutlons (i) the con-
tributions due to the monopoles (E,, ) (u) the con-
tributions due to the induced dipoles (E,; ). The
electric field contributions can be given in the form
of lattice sums

= (i ,(i,—i)
E,(")= e Q_’ — J (A3)
4meo ;51 IR, —R; I3

_E.(,) ] a,(Em+E;j))

i e /5 IR-—R-|3
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IR; -R;I°

o(i,-—ﬁj)] : (A4)

Formula (A4) shows that in order to evaluate the
electric field at an ion j one should know the electric
field strengths at all other ions in the lattice. In order
to limit the computing times it is useful to divide the
crystal into three regions I, I, and III. In region I, in
the close vicinity of the dipolar defect, the positions
and charges of the ions deviate from those corre-
sponding with the perfectly cubic situation. In region
II the ions are located at the perfect lattice positions;

in regions I and Il the induced dipoles influence each
other. As we have three independent EPR parame-

* ters to fit, we must confine ourselves to systems in

which region I contains four ions, i.e., the Gd** im-
purity, the two lattice fluoride ions neighboring both
Gd** and M* (jon b), and M * impurity; region II
contains about 400 ions. Region III contains 2000
ions of which the induced dipole moments do not in-
teract with each other.

It is easy to see that Eq. (A3) can be written as fol-
lows:

EO__e 0K, R,) 2Q;(R -R))
m dmeo | IR,-—— ) , -';,3
JEi A

+§Iauice(ii - ﬁlc) ’ (AS)

In the first term we take into account the fact that
the ions in region I relax towards new positions; also,
the deviating charges of the impurities Gd** and M *
are accounted for; Q; is the actual valency of the ions
in region I, whereas Qf are the valencies of the corre-
sponding ions in the perfect lattice. A Taylor-series
expansion of the electrostatic potential of the unper-
turbed lattice has been given by van Winsum et al.'¢
From these potentials we can calculate the electric
field as a function of the displacement of the ions in
region I. This contribution is given by the last term
in Eq. (A5); if i is chosen such that the ion is located
in region II, Emme(R )—- .

The contnbutloqs Ed are ca}lculated using Eq.

(A4) with first Ed =0. If Ed is calculated for all
values of i (i =1—400), these values a(re substituted
in Eq. (A4) to evaluate a new set of E; ° S, )These
values are employed to find a new set of E; s, etc.
This procedure leads to self-consistent electric field
strengths, which may be used to calculate the dipolar
contributions to the electrostatic parameters ¢/” by
substituting the total electric field strength into Eq.
(A2).

We have found that in general the convergence of
the lattice sums as given in Eq. (A1) can be im-
proved by calculating the deviation between the elec-
trostatic contributions corresponding with cubic Gd**
and orthorhombic Gd**-M * centers. As an example
we give the expression for ¢

(A6)

C?=e2

dmey

0Z  OFZf
R?  (Rf)?

From the symmetry arguments it is easy to show that
the sum over the lattice term in Eq. (A6) is zero.

It should be emphasized that the polarization ef-
fects discussed above give quite large contributions to
the crystal-field parameters c?, BY, and B}. A review
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TABLE VII. Crystal-field parameters as calculated using some different electrostatic methods.

('{) (10° V/m)

BY (G) B} (G)

. Point charge -9.7
of M* only

N

. Point charges —4.1
of Gd** and
M and 2000
induced dipoles
(noninteracting)

w

. Same as 2; -5.7
region Il contains

50 interacting

dipoles

4. Same as 2. -5.9
region Il contains
100 dipoles

wn

. Same as 2; —6.2
region II contains
400 dipoles

—81.5 0

—40.4 —141.3

-41.5 -98.8

—43.1 -91.6

—42.8 —89.6

of some simple results of our calculations has been
given in Table VII. During these calculations we
have observed that accurate values of the electric
field strengths are obtained of 400 interacting dipoles
after three iterations. The results shown in Table VII
have been obtained for a rigid lattice; it should be
noted, that similar observations have been made for
situations in which the lattice surrounding the defect
is allowed to relax.
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