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EPR experiments of Gd>*-M * complexes in CaF,, BaF,, and SrCl, crystals are reported. We have studied
the effect of the excess negative charge of the metal-ion impurity on the crystal field; also the relaxations of
the halide ions neighboring the complex have been investigated. It will be shown that the values of the
second-degree crystal-field parameters as determined from the EPR spectra can be explained in terms of an
extended-point-charge model. For the calculations of the magnetic parameters we have taken into account
second-order effects of odd crystal-field terms which have also been calculated using the point-ion-lattice
model. Distortions of the lattice surrounding the Gd’*-M * complexes are found to have large effects on the
magnitude of the second-degree crystal-field parameters. Our experimental results have also been interpreted
on the basis of the superposition model in which it is assumed that the crystal-field parameters are
determined by the nature and positions of the nearest neighbors of the Gd** impurity. It will be shown in
this paper that for Gd’>*-M * complexes in CaF, the superposition model predicts unrealistically large

displacements of the fluorine ions neighboring the Gd** and M * impurity.

I. INTRODUCTION

Trivalent gadolinium ions, which have substi-
tuted for divalent cations in alkaline-earth halides,
can be considered as excess positive charges with
respect to the crystal lattice. In otherwise pure
crystals these effective charges give rise to com-
pensation by charges of opposite sign. Charge
compensation of this type has been studied by vari-
ous techniques such as dielectric relaxation,~s
EPR,** and optical spectroscopy.® In the present
paper we shall be interested in a different form of
charge compensation. Here, the compensating
entities are monovalent impurity ions which rep-
resent excess negative charges when substituted
for divalent cations.

Depending upon the association energy of the
compensating defects the charge compensation
can be either local or nonlocal. Local charge
compensation is characterized by the existence of
dipolar complexes. An example of the complexes
studied in this paper has been shown in Fig. 1.

The structure of the crystalline hosts employed
in this investigation is of the fluorite type. It con-
sists of two sublattices: the halide sublattice is
simple cubic; the cations are located in the cent-
ers of alternate cubes of halide ions. When the
trivalent and monovalent impurities are nearest
neighbors (local charge compensation) as shown
in Fig. 1 we have an orthorhombic complex; the
point symmetry at the Gd** site is C,,. The prin-
cipal axes x, y, and z have been chosen along the
crystallographic directions [001], [110], and [110],
respectively. For this particular choice of the

principal axes we can write for the spin Hamilto-
nian associated with the 4/ electron system of
Gd** (see also Mims"):

e =gusH S+ B0 + B20% + BJ0? + B2O? + B404
+B30g + B{ 0}, + ByO§ + BRO} , 1

where the first term on the right-hand side ac-
counts for the Zeeman interaction. The remain-
ing terms are associated with crystal field inter-
actions due to the surrounding lattice. The crystal-
field operators O;" have been given by Abragam
and Bleaney.® When the principal axes x, y, and
z are chosen as shown in Fig. 1, instead of along
the (100) axes, the spin Hamiltonian of cubic Gd**
consists of the Zeeman term and the fourth and
sixth-degree crystal-field terms as given in (1).
The excess negative charge of the monovalent

FIG. 1. Three-dimensional schematic representation
of a Gd®* -M* complex in CaF,. The principal axes
x, ¥, and z have been indicated.
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cation neighboring the Gd** ion will produce an
extra term to the crystal field at the Gd** as com-
pared to the cubic crystal field. This additional
contribution will be of the form B20J2; the excess
charge does not contribute to the term B20Z. Dis-
tortions of the lattice surrounding the Gd** impur-
ity and polarization of nearby ions in general give
rise to both second degree terms in (1).

When we choose for the extra impurity of the
Gd** -M* complex the various alkali ions Li*, Na*,
K*, Rb*, and Cs* the effective negative charge is
-1 for all cases, however the distortion due to
the misfit of the ionic radii of the impurity ions
and the host crystal cations will increase on going
from Li* to Cs*. In agreement with the line of
reasoning given above we have observed drastic
changes of the spin-Hamiltonian parameters BY
and B} for the various complexes of the type Gd*-
M?* in CaF,. For Gd**-Li* and Gd**-Cs* we have
found for B, 14.9 and 220.5 G, respectively, and
for B3, -49.1 and -4.0 G, respectively. These
variations indicate that the experimental method
employed here is capable of determining extreme-
ly small lattice distortions.

The experimental values of Bf* in Eq. (1) obtained
from the EPR spectra can be connected with the
electrostatic crystal-field potential. The mechan-
isms giving rise to the zero-field splittings of the
%S, 2 level of Gd** in crystalline hosts have been
discussed by many authors in the literature.®~??
We shall employ here the mechanisms proposed
by Hutchison et al.® and Wybourne!® for the cal-
culation of Bj and BZ. When these coupling mech-
anisms are connected with an extended point-ion
lattice approximation, in which the surrounding
lattice consists of polarizable point charges, one
obtains fair agreement between theory and experi-
ment for B and BZ of the systems BaCl,:Gd**,
BaCl,:Eu®*, PbCl,:Gd**, and PbCl,:Eu® (Refs. 13-
16). In an earlier paper on orthorhombic Gd**-M*
complexes in SrCl, we have shown, that with the
point charge model one is able to explain the val-
ues of BY and B:.

It should be emphasized however that the explana-
tion of the second degree spin-Hamiltonian parame-
ters is not always as straightforward as suggested
above. This has led Newman and co-workers!?'17
to propose empirical power laws for the calcula-
tion of the B"s. These power laws are particular-
ly successful in explaining the spin-Hamiltonian
parameters for Gd** in host crystals containing
oxygen ligands such as the zircon-structure com-
pounds and scheelite hosts.!” In the case of fluor-
ites this model has been used to explain experi-
mental spin-Hamiltonian parameters on the basis
of local distortion effects; for Gd** at rhombic
sites in CaF, the intrinsic parameters occurring
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in the model have been determined.!®* We shall
show in Sec. V that the model introduced by New-
man (the superposition model) yields extremely
large distortions, leading to an inconsistency be-
cause the power laws only hold for small distor-
tions.

A comparison between the results obtained using
the electrostatic model and the superposition mod-
el shows that the distortions necessary to explain
the second-degree spin-Hamiltonian parameters
are much smaller on the basis of the former treat-
ment. In fact the distortions calculated using the
point-charge model are quite well understandable
in view of the differences between the ionic radii
of the monovalent cation impurities and the dival-
ent ions of the host crystal.

I. EXPERIMENTAL PROCEDURES

For the preparation technique used for the pro-
duction of the SrCl, crystals we refer to an earlier
paper.'® In SrCl, crystals doped with equal con-
centrations of Gd** and Na* ions about 50% of the
Ga** impurities was compensated by Na* ions.

The CaF, and BaF, crystals were grown by a
modified Bridgman technique in a high-frequency
furnace under a purified He atmosphere. Spec-
troscopically pure carbon was used as crucible
material. In order to be certain that sufficient
concentrations of compensated Gd** ions were
present the growth rate was limited to 6 mm/h.
The Gd** and M* ions were added as fluorides.

Prior to crystal growth we prepared a boule of
polycrystalline CaF, and BaF, from powder. The
powder was heated very slowly in high vacuum
(107° Torr) in order to remove the adsorbed H,0
and O, molecules; (1-2)% PbF, was added to act
as scavenger; it is known that PbF, reduces the
concentrations of O*~ and OH"~ impurities consid-
erably.

The spin-Hamiltonian parameters B* have been
determined from the rotational diagrams by means
of a least-squares-fitting procedure. Because in
some cases we are dealing with crystal-field split-
tings which are not small as compared to the Zee-
man energy we have diagonalized the spin Hamilto-
nian for each angle between the magnetic field di-
rection and the principal axes at the specific mag-
netic field strength. The method used here is sim-
ilar to the one proposed by Uhrin.?°

The EPR experiments were carried out with a
Varian E3 X-band EPR spectrometer. Most of the
experiments were performed at room temperature
The temperature-dependent experiments were car-
ried out with a LN, (liquid-nitrogen)-flow cryo-
stat.
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FIG. 2. EPR spectra of
— CaF,:Gd* (upper signal)
2006 Ky #0100) and CaF,:Gd*, Li* (lower
L\ \ signal) for H,[|[100] mea-
sured at 300 K. The EPR
lines associated with trans-
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III. EXPERIMENTAL RESULTS

A. CaF,

In CaF, doped with small amounts of GdF; one
usually observes different types of EPR spectra.
First, there is a cubic signal consisting of seven
lines; this spectrum has been described by Low?!
and Ryter.?? In crystals which are prepared with
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FIG. 3. Rotational diagram of the EPR lines observed
in CaF,:Gd*,Li*. The axis of rotation is [100]. The
broken curves are associated with transitions of cubic
Gd*; the drawn lines correspond with transitions of the
Gd* -Li* complexes with C,, symmetry. The curves in-
dicated by S, are due to transitions of the type S, ==
S, -1.

there is a signal due to 45°
complexes.

care such that oxygen and hydroxyl ions are pre-
vented from entering the material, one finds EPR
signals due to complexes resulting from charge
compensation with interstitial fluorine ions.
These signals have been described by Franklin
and Marzullo.*

In order to produce charge compensation cent-
ers of the type Gd**-M* in CaF, we have to get
rid of the gadolinium-interstitial F~ complexes.
This has been achieved by the method suggested
by Miner et al.® and Vlasova et al.?®; apart from
Gd®** and M* we introduced 500-600-ppm Ce®** in-
to the crystal. In these crystals we observe a
signal due to cubic Gd** (see Fig. 2, upper curve)
and another EPR spectrum associated with Gd*-
M* complexes (Fig. 2, lower curve). The inten-
sity of the signal due to gadolinium-interstitial F~
complexes has been reduced by at least a factor
of 100.

We have investigated Gd**-M* complexes in
CaF,, where M* is Li*, Na*, K*, Rb*, Cs*, and
Ag*. Experiments on crystals doped with Cu*,
Au*, Hg*, and T1* were unsuccessful. A general
feature of our experimental results for Gd**-M*
complexes in CaF, is that the overall splitting of
the spectrum increases with increasing M* radius.
We have also observed that the intensity of the sig-
nals due to the Gd**-M"* complexes decreases with
increasing M* radius, indicating that either the
solubility of MF in CaF, decreases with increas-
ing M* radius or the association energy of Gd**-
M* complexes decreases with increasing M* radi-
us.

As an example we show in Fig. 3 a rotational
diagram obtained for CaF,:Gd**,Li*; the axis of
rotation is the [100] axis. The maximum overall
splitting is found for H, [|[[100]. The interpretation
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FIG. 4. Rotational diagram of the EPR lines observed
in CaF,:Gd™, Rb*; the axis of rotation is [100]. The
broken lines are associated with transitions of cubic
Gd*, the drawn lines correspond with C,, symmetry
centers. The curves indicated by S, are due to trans-
itions of the type S, == S, —1.

of the various lines has been found by using the
method described by Bijvank and den Hartog.'®
We can associate the EPR lines due to Gd**-m*
complexes with definite excitations of the type S,
— S;+1 because the corresponding EPR lines of
the cubic spectrum have been designated; i.e.,
the signs of the cubic crystal-field parameters
are known.?*
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In Fig. 4 we have plotted the rotational behavior
of the EPR lines found in CaF,:Gd**,Rb* and which
could be associated with cubic Gd** or Gd**-Rb*
complexes. The low-field part of the spectra was
obscured by forbidden transitions, which have
rather large intensities because we are dealing
with large crystal fields. It can be seen from Fig.
4 that for Gd**-Rb* complexes the overall splitting
is larger for H, |[[110] than for H, [I[100]. We note
that on going from Li* to Cs* the extra splitting
for the —3 = - transition of Gd**-M* increases
from 280 G to an estimated value of 4000 G.

In order to interpret the results obtained for
the Gd**-M* complexes in CaF, we have first de-
termined the crystal-field parameters B], B3, BY,
and B; of the spin Hamiltonian corresponding with
cubic Gd** in CaF,. The least-squares fits to the
rotational diagrams agreed with the experimental
curves within error bars of 1.5 G. Also our val-
ues for the crystal-field parameters agree well
with those reported in the literature.?!'?2:?* In the
above-mentioned situation the principal axes x, y,
and z were chosen along the crystallographic (100)
directions. In case of orthorhombic Gd**-M* com-
plexes it is convenient to choose the principal z
axis along [110]. The new set of principal axes
have been indicated in Fig. 1. This implies that
one has to rotate the frame of axes and the cryst-
al-field parameters will change correspondingly.

In Table I we have compiled the experimental re-
sults obtained for the Gd**-M* complexes observed
in CaF,. As a reference we have given the crystal-
field parameters of cubic Gd®* with respect to the
new frame of axes. Because we are mainly inter-
ested in the changes of the crystal-field parame-
ters due to the presence of the excess charge of
the substitutional M* ions, we have compiled in
Table I the changes of these parameters as com-
pared to the parameters of cubic Gd®*.

In a few cases some of the parameters could not
be determined with reasonable accuracy. Some-
times this was due to the small extra crystal-field
splitting; in other cases the signal-to-noise ratio
was the reason. It should be noted here, that the

TABLE 1. Spin-Hamiltonian parameters BY for orthorhombic complexes Gd*-M* in CaF,.

B B} B! B} B} B
M (£0.2 G) (£0.2 G) (£0.005 G) (+0.05 G) (£0.05 G) *5x10™ G)

cubic 0 0 0.209 4.19 -3.14 1.5x10"
Li 14.9 —49.1 —-0.015 —-0.34 —0.09 oo
Na 13.2 —20.3 0 —0.25 —0.12 ~2.4x10
K 83.6 —20.1 —0.024 —0.22 —0.13 —0.2x10™
Rb 141.8 —~11.9 —-0.028 —~0.25 —-0.10 0.7 x10
Cs 220.5 —4.0 —0.040 —0.46 —~0.11 0.3x10%
Ag 50.9 -26.3 —0.024 —-0.34 —-0.20 2.7x10™
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TABLE II. Spin-Hamiltonian parameters BJ for orthorhombic complexes Gd¥-M" in CaF,,
according to the alternative interpretation of the spectra with Hyl| [110] (see text).

B} Bj B} B B} B}

M (x02G)  (£0.2 G) (£0.005 G) (£0.05G)  (£0.05G)  (+5x10% G)
cubic 0 0 0.209 4.19 -3.14 1.5x10™
Li 17.7 -46.3 —0.070 -0.12 0.29
Na 3.4 -30.0 -0.045 ~0.07 0.19 ~3.5x10
K -31.8 —~135.5 -0.052 —0.11 0.08 2.4 x10
Rb —-65.0 —218.7 —~0.054 ~0.15 0.08 —4.9x10
Cs -108.3 -332.5 —0.084 —-0.28 0.20 ~0.8x10™
Ag —12.3 —-89.6 —~0.075 ~0.13 0.17 -3.0x10%

crystal-field parameters found for CaF,:Gd*, Ag* fit
nicely into the series CaF,:Gd**, Li*-CaF,:Gd®**, Cs*.
We therefore assume that, when introduced into
CaF,, silver becomes monovalent.

As discussed earlier'® the determination of the
crystal-field parameters is not ambiguous because
of the fact that we cannot distinguish between per-
pendicular and parallel complexes when H, [|[[110].
This leads to an alternative interpretation of the
observed spectra and consequently to an alterna-
tive table of crystal-field parameters given in
Table II.

B. BaF,

When small concentrations (100-200 ppm) of
Gd** are introduced into BaF, one mainly observes
an EPR signal which shows trigonal symmetry.
When measured with H, [|[[100] the signal is very
similar to the one of cubic Gd** in BaF,. Increas-
ing the concentration of Gd** leads to very com-
plex EPR spectra which have not been studied in
detail. In samples doped with small amounts of
Gd®* and M* one observes mainly cubic Gd** and
also orthorhombic Gd**-M* complexes. When
sufficient concentrations (1000-1500 ppm) of M*
ions are present the trigonal EPR signals have
disappeared completely.

It appeared that the solubility of LiF in BaF, is
very low; when 1500-ppm LiF is added to the
BaF, raw material before crystal growth the re-
sulting crystals have a milky appearance. The
EPR signals were predominantly due to trigonal
centers; charge compensation centers of the type

Gd**-Li* have not been observed.

Crystals doped with silver or copper fluoride
were colored yellow and red, respectively. In
addition we found small metallic crystallites at
the surface of the BaF, boule. Using an optical
transmission microscope we found that inside the
crystal small metallic precipitates are present.
Probably the coloration of the crystals is due to
absorption by small metallic particles. Similar
absorptions have been found in additively colored
alkali halides and alkaline-earth fluorides.?*~%°

In BaF, crystals doped with AgF or CuF and
GdF,; we have not detected signals due to ortho-
rhombic complexes. Like in the case of
BaF,:Gd**, Li* we have to conclude here that the
solubility of Ag* or Ag°and Cu* or Cu® is very
low. The EPR spectra observed in these crystals
are again due to centers of trigonal symmetry.

In BaF, we have investigated orthorhombic de-
fects of the type Gd®*-Na*, Gd**-K*, Gd**-Rb*,
and Gd**-Cs*. The overall splittings of these
spectra are appreciably smaller than in CaF,.
The general trend of the splitting however is the
same as for CaF,.

The crystal-field parameters for the above-men-
tioned complexes as determined from the rotation-
al diagrams have been compiled in Tables IIT and
1v.

C. srcl,

The experimental results presented in an earlier
paper'® have been reinterpreted on the basis of
the Hamiltonian (1), which contains fourth- and

TABLE II. Spin-Hamiltonian parameters BT for orthorhombic complexes Gd**-M* in BaF,.

B! B} Bj B} B} B}

M £0.2 G) *0.2 G) (+0.005 G) *0.05 G) (£0.05 G) *5%x10™ G)
cubic 0 0 0.161 3.23 —2.42 1.5x10™
Na -7.6 ~74.2 -0.029 -0.13 —0.04 —5.5x 10
K —14.1 -53.6 —-0.019 ~0.08 -0.02 1.0x10™
Rb 1.9 ~57.2 -0.038 -0.21 ~0.10 -16.3x10"
CS 33_3 _65‘9 eve e e K) X
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TABLE IV. Spin-Hamiltonian parameters B7 for orthorhombic complexes Gd**-M* in BaF,,
according to the alternative interpretation of the spectra with Hy|| [110] (see text).
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BY B} B B} B} B}

M (£0.2 G) (0.2 G) (£0.005 G) (£0.05 G) (£0.05 G) *5%x10 G)
cubic 0 0 0.161 3.23 —2.42 1.5x10%
Na 40.9 —25.6 ~0.031 —0.12 —0.03 2.0x10"
K 33.9 —5.7 —~0.018 —0.08 —0.02 0.2x 10
Rb 27.7 -31.5 —0.052 —0.15 ~0.01 22.7x10
CS 16'3 _83.0 ) Y cee o« oo

sixth-degree terms. Here too, we have the prob-
lem that the determination of the crystal-field
parameters is ambiguous. These parameters are
given in Tables V and VI. In contrast with the re-
sults obtained for CaF, and BaF, we have not ob-
served centers produced by local charge compen-
sation in SrCl,:Gd* (i.e., without additional M* im-
purities).

We have studied the temperature dependence of
the various EPR signals observed in
SrCl,:Gd®**,M". The variations of the cubic sig-
nal as a function of temperature have been shown
in Fig. 5. We have plotted the changes of the line
positions as compared to those observed at
-150°C. The total relative change of the overall
splitting amounts to 10%. This change is larger
than expected when simple lattice expansion as
a function of temperature is taken into account.
Between —150 and 50 °C the lattice parameter
was found to change 0.5%. This implies that the
fourth-degree crystal-field parameter changes by
about 2.5%. It was found by Huang®° that normal
vibrations also contribute to the crystal-field
splitting. According to the calculations of this
author for CaF,:Gd** the vibrational contribution
at 293 K can be as large as 25%. The estimated
zero-point phonon contribution amounts to about
14%; thus the change of the observed crystal-field
splitting of approximately 10% seems to be rea-
sonable.

For orthorhombic centers of the type Gd**-Li*
the variations of the extra crystal-field splitting
as a function of temperature (see Fig. 6) agree
well with the values expected on the basis of a
simple expansion of the polarizable point-ion sys-
tem as will be shown in Sec. IV. From the shapes
of the curves given in Figs. 5 and 6 we see that
below LN, temperature the changes of the crystal-
field parameters will be very small. In addition
we conclude that the vibrational contribution to the
second-degree crystal-field parameters is, in
contrast with the cubic situation, negligibly small.

1IV. THEORY

A. Crystal-field splitting

The behavior of the EPR lines of trivalent gado-
linium ions in orthorhombic symmetry can be de-
scribed by the spin Hamiltonian (1). We note that
in this Hamiltonian even terms are present; odd
terms do not contribute because these terms are
not invariant with respect to time reversal. In
general, however, the crystal field of orthorhom-
bic symmetry can be described by the following
formula:

-0 0 po 0 po 2 0 po
V.=cS+c?PY+cI P +c3 P +cI P
2 0po ...
+c2P2+c{PY++ -, (2)

where P[" are the homogeneous polynomials as

TABLE V. Spin-Hamiltonian parameters BT for orthorhombic complexes Gd* -M* in SrcCl,.

B? B} B} B} B} B
M (#0.2G)  (0.2G)  (£0.005G)  (£0.05G)  (*0.05G)  (x5x107% G)
cubic 0 0 0.068 1.33 -1.02 0.3x10™
Li -29.0 —87.9 0.001 ~0.18 —0.04 2.4x10
Na -24.9 —60.0 0.002 —0.11 —0.02 0.3x10
K -11.4 —52.1 0.010 —0.14 —~0.07 —0.7x10
Rb —1.5 -51.3 0.013 —-0.14 —0.12 —2.0x10™
Cs 13.8 —45.9 0.056 —0.63 —1.04 cee
Ag -29.9 -75.8 0.007 —0.12 —0.06 —0.8x10™
Cu _36_7 _100.8 oo cee e ve ce e
Tl _04 _563 e e oo o
Ba 12.9 2.2 —0.118 —-0.20 0.16

Ca 2.2 ~-2.2 e cen cos ceo
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TABLE VI. Spin-Hamiltonian parameters B} for orthorhombic complexes Gd* -M* in SrCl,,
according to the alternative interpretation of the spectra with Hy|| [110] (see text).

B B} B} B} B} B
M (£0.2 G) 0.2 G) (£0.005 G) (£0.05 G) *0.05 G) *5%x10™ G)

cubic 0 0 0.068 1.33 —1.02 0.3x10™
Li 58.4 -0.4 —-0.031 —0.06 0.17 0.9x 10
Na 42.4 7.3 -0.020 —0.03 0.13 0.9x10™
K 31.8 -8.9 —0.025 0.00 0.18 0.2x10%
Rb 26.4 -23.3 —~0.030 0.04 0.19 0.1x10
Cs 16.1 —43.7 —0.191 0.36 0.69 cee
Ag 52.8 6.9 —-0.024 0.00 0.15 0.7x10%
Cu 68.8 4.7 s e oo cee
Tl 28.4 ~27.6 e ) e oo
Ba -7.6 —-18.3 —0.053 —0.47 —-0.30
Ca 0 —4.4 cee cee cee ve e

defined by Abragam and Bleaney.® For conven-
ience we give ¢9, c?, c2, and c2 in terms of the
point-ion-lattice model:

1 qi
o_ 4
€o 4re, Z R;’

1 q,Z;
o (7]
€1 4re, ; R}

1 q;(3Z}7 -R?)
167¢, Z R; ’

(3

[}

¢z

3 q;(X%2-Y%)
2 _ 4;\X5=T5
2= T6re, JZ R}

Here, g, is the charge of the jth ion; X;, Y;, Z,,
and R; correspond with the position coordinates of
ion j. Induced-point dipoles also contribute to the
crystal-field parameters. Formulas similar to
those in (3) can easily be derived.

Although the odd terms c} P}, ¢3P§, and ¢’ P; do
not directly contribute to the splitting of the energy
levels, it has been shown by Kiel®! that in second
order these odd terms give rise to even contribu-

[ 3 .
i ‘0 SiCl, . G4 L1 (L) -
af [ I o
SrCl e Gd 51 SrClz :6d HZ<0) 5n
Az <100y <oy 20r
0t k72NN n
52 n
7 0 ”n
a7 3
1 n ‘é/wz =
3 ~32 = an
3 \-5/2 20k
an -
-20F T
-5/2
"2 40 N .
0 . . . 5 . R . 120 180 %0 300
120 180 20 300 "o 180 %40 300 T(K)

T(K)

FIG. 5. Temperature dependence of the cubic EPR
lines of SrCl,:Gd* for two directions of the magnetic
field. The shifts of the various lines with respect to
the position at 120 K have been given.

tions to the spin Hamiltonian. These contributions
are called equivalent even fields.

In this paper we shall use two mechanisms to
obtain the second-degree parameters of the spin
Hamiltonian from the electrostatic crystal-field
potential. The first mechanism was introduced by
Hutchison, Judd, and Pope®:

BY=3(£/WpWp)yetr)s. @

Here, £ is the one-electron spin-orbit coupling
parameter; W, and W, are the energy separations
between the ground state °S, ), and the excited
states denoted by °P, 2 and ‘D, s2» respectively;
7, is the screening factor; and (?) is the average
of the operator #* for a 4f electron of Gd**. When
the values of the ionic constants are used we find
that B)=4.38 x107'%2 G (¢} is given in V/m?).

The second mechanism was proposed by Wy-
bourne.!® According to this mechanism the rela-
tion between ¢ and BY is given by

BY=— K y,eclt(-5R: ,+3R%_+2R2)/W,.  (5)

FIG. 6. Temperature dependen_ge of the orthorhombic
EPR lines in SrCl,:Gd™, Li* for H [|[110]. Here we have
selected the signals due to perpendicular complexes.
The shifts of the various lines with respect to the pos-
ition at 120 K have been given.
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FIG. 7. Behavior of the crystal-field parameter B}
as a function of the ionic radius of the additional mono-
valent metal impurity.

Here, R,,, R,_, and R__ are the relativistic inte-
grals calculated by Waber and Cromer.** The con-
tribution from this mechanism is BJ=5.82 x10""%
G. In accordance with the Wigner-Eckart theorem,
BY/c2=BZ/c3;, thus for B2 relations similar to (4)
and (5) can be given.

The second-order effect of odd crystal fields
has been given by formula (6) in Kiel’s paper;
this formula, however, should be corrected by a
factor 1/m. We have evaluated the contributions
due to terms containing (c?)?, c¥3, (€9?, cic?, and
c2c?; it was found that the term with (c?)? is domin-
ant. It turns out that (cg).,=2.71 X107%(c{)?, where
the subscript eq stands for equivalent. It should
be noted that (c3)., can be connected with (B3),, by
using (4). This gives us

B2=1.19x107**(c?)? G. (6)

The second-order contributions of odd crystal-
field terms to B} were found to be zero [(c])?, c?,
and (c9)?] or negligible (cZc? and c2cf).

Finally we have contributions due to second-or-
der effects as given by the relativistic treatment
due to Parrot.®® In the present paper we have ap-
plied formulas similar to those given by Parrot®®
and de Beer ef al.®* For the relativistic integrals
and energy differences necessary to calculate the
relativistic equivalent even fields we have used
the values calculated by Andriessen.®* In the pres-
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ent calculations we have taken into account contri-
butions due to discrete as well as continuum states.
The result is

B2=3.41x10"°(c?? G.

Taking into account all contributions discussed
above we find that

(BY), , =10.20 X107%%2+4.60 x10™%(c?)?, ®)

tot

where the subscript tot stands for total. For B3
we can write approximately

B2=10.20 10732, 9)

B. Electrostatic model

As mentioned in an earlier paper, the interesting
feature of the complexes studied here is that to a
high degree of approximation we only need to con-
sider contributions to the crystal field due to ions
immediately neighboring the defect. The major
contributions to the extra crystal-field splittings
come from the electrostatic interaction between
the 4f7 electron system and the surrounding mono-
poles, the induced electronic dipoles and distortion
effects. The latter effect will give increased con-
tributions as the radius of the compensating impur-
ity increases. This can be seen from Figs. 7 and
8, where B{ and BZ as a function of the ionic radi-
us of the impurity have been given.

We first consider the excess negative charge of
the monovalent impurity, which contributes to ¢?
and ¢ (we chose the principal z axis along the
line connecting Gd** and M*). This contribution
does not give rise to a term of the type BZ0Z in
the spin Hamiltonian implying that the other con-

Near
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FIG. 8. Behavior of B} as a function of the radii of
the additional impurities.
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TABLE VII. Computed shifts of the type-I halide ions
along the X and Z directions for complexes in SrCl,,
CaF,, and BaF,.

SrCl, CaF, BaF,
M ac R az @) ar @) az @) ax Q) az @)

Li 0.000 -0.020 0.035 0.063 - eee

Na -0.005 0.025 0.025 0.080 0.055 —0.005
K 0.015 0.037 0.080 0.087 0.045 0.020
Rb 0.035 0.040 0.123  0.097 0.067 0.017
Cs 0.065 0.045 0.180 0.107 0.115 0.010
Ag -0.020 0.110 0.055 0.080
Ba 0.000 —0.027 e soe s see

tributions are significant. The dipoles induced by
the excess negative charge predominantly contrib-
ute to B20%; the effect on c? and cJ is small. As
expected, we have found that the displacements of
the halide ions of type I in Fig. 1 give the major
contributions to the extra crystal-field splitting.
The effect on cf turns out to be rather small, but
depending upon the direction in which the displace-
ment takes place, significant effects have been ob-
served on the parameters ¢ and c2.

When the effects indicated above and discussed
in Sec. IV A are taken into account we can fit the
theoretical values of the second-degree crystal-
field parameters B and B2 to the experimentally
observed values given in Tables I-VI. Here we
have used for the polarizability 0.85 x1072* ¢m?
and 2 x107** ¢cm® for F~ and Cl~ respectively.
From these fits we obtain values for the shifts of
the type-I halide ions along the x and z direction.
The shift along the y direction is 0; this can be
seen from the symmetry of the complexes. The
fitted displacements for the systems SrCl,:Gd**, M*,
CaF,:Gd**, M*, and BaF,:Gd*, M* have been given
in Table VII. The values given in Table VII cor-
respond with the extra crystal-field parameters
given in Tables I, III, and V. The alternative in-
terpretation of the EPR spectra leading to the

TABLE VIII. Computed shifts of the type-I halide ions
along the X and Z directions for complexes in SrCl,,
CaF,, and BaF,, according to the alternative interpre-
tation of the spectra with -ﬁo” [110] (see text).

SrCl, CaF, BaF,
M ar@) az@) ax @) az@®) ar @) az @)

Li 0.110 0.140 0.035 0.060 e~

Na 0.075 0.150 0.020 0.073 0.115 0.060
K 0.070 0.120 0.015 0.005 0.097 0.085
Rb  0.070 0.090 0.000 -0.043 0.100 0.050

Cs 0.063 0.050 -0.030 —-0.100 0.095 -0.010
Ag 0.135 0.285 0.020 0.037 ee- oo
Ba 0.015 0.005 e cee cen cee

crystal-field parameters given in Tables II, IV,
and VI gives rise to fitted displacements as given
in Table VIIL

We emphasize that in SrCl, we have to assume
that Ag and Cu are present in the atomic state.
Therefore, they should be treated as double nega-
tive charges. Ca and Ba, however, have the same
valency as Sr and should therefore be treated as
zero charges with respect to the crystal lattice.

V. DISCUSSION

The positions of the type-I fluorine ions as com-
piled in Table VII for CaF,:Gd**, M* have been de-
picted in Fig. 9. From this figure we see that for
small M* ions, the type-I fluorines have shifted
predominantly along the z direction. When the
size of the compensating impurity increases the
displacement direction is almost parallel to the x
direction.

It was shown in the previous sections that, in
principle, there is another set of displacements
which has been plotted in Fig. 10. Here, we see
that for large M* ions the main component of the
shift is parallel to the z direction.

The two possibilities discussed above equally
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FIG. 9. Two-dimensional representation of an orthor-
hombic Gd* -M* complex; only the nearest neighbors
of the impurity ions located in the x,z plane have been
given. The shift of the F, ions for Gd** -M* complexes
in CaF, as calculated using the point charge model and
the superposition model have been shown. The shift of
the Fy ions, indicated by the drawn line corresponds with
the point charge model; it has been given enlarged in the
upper figure. The positions of the F; ions for the var-
ious complexes as shown in the lower figure correspond
with the superposition model.
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FIG. 10. Two-dimensional representation of an orthor-
hombic Gd**-M* complex. The shift of the F; ions for
Gd* -M* complexes in CaF, as calculated by using the
point-charge model and the superposition model have
been shown. For the calculations we have assumed here
that the alternative interpretation of the spectra for
H |l [110] is correct. The shift of the F, ions, indicated
by the drawn line within the box of the lower figure, has
been given enlarged in the upper figure; it corresponds
with the point charge model. The positions of the F, ions
for the various complexes as shown in the lower figure
correspond with the superposition model.

well describe the observed behavior of the EPR
spectra. From a physical point of view the second
set of displacements is less attractive. It is hard
to believe that the distance between the Gd** im-
purity and the type-I F~ ions becomes smaller
than for Gd** in a cubic environment. We expect
that with increasing ionic M* radius the type-I F~
ions are pushed in outward directions. This ex-
pectation agrees with the results shown in Fig. 9.
The results for SrCl, and BaF, are of similar na-
ture; here too, we distinguish between two possi-
bilities. For one of them the displacement of the
type-I halide ions is directed towards the Gd** im-
purity. In the alternative case the shift is directed
mainly along X. The magnitude of the shift is ex-
pected to be smaller than the difference between
the ionic radius of the host crystal ion and that of
the M* impurity. For CaF,:Gd**, Cs the difference
is 0.55 A and the calculated shift is 0.21 A. From
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this we conclude that both the direction and mag-
nitude of the shift of F~ ions are acceptable.

The temperature-dependent experiments on Gd** -
M* complexes in SrCl, indicate that the variations
of the second-degree crystal-field parameters are
due to expansion of the lattice. Furthermore, no
important phonon contributions are present, indi-
cating that the theoretical treatment given in Sec.
IV is sufficient.

We shall now discuss our experimental results
for complexes in CaF, in terms of the superposi-
tion model proposed by Newman and Urban."’
These authors suggest that the crystal-field pa-
rameters describing the fine splitting of Gd** are
determined by the nature and position of the ligands
directly surrounding this magnetic impurity. The
main contributions are supposed to be not electro-
static but due to overlap and covalency effects.

In accordance with Newman and Urban'” we write
that a single ligand centered on an open shell ion
gives the following contribution to the second-de-
gree crystal-field parameters:

K;(6, 9)A,R). (10)

In this expression the intrinsic parameter A,(R) is
the axially symmetric crystal field due to a single
ligand at distance R from the center of the Gd**
ion. The factors KJ'(6, ¢) are given by

K36, ¢)=3(3 cos®6-1),
KZ2(6, ¢) = 2sin*6cos2¢.

The function A,(R) can be given by
A,(R)=A,(R,)(R/R)", (12)

where t=17, and R, is the unperturbed interionic
distance. Since the parameter A,(R) is connected
with the intrinsic parameter B,(R) (see Newman
and Urban'?) we can write

B,(R)=B,(R)(R,/R)" . (13)

Newman and Urban find for ¢’ associated with in-
teractions with F~ an average value of —-1; for
B,(R,) we have taken the same value as used by
Edgar and Newman'® for CaF,:Gd**,Na* [B,(R,)
= %Bz(Ro) =-231 G]-

For a perfectly cubic coordination the sum of
the contributions to the spin-Hamiltonian parame-
ters BY and B: from the first coordination shell
will be zero. In order to obtain a net effect due to
the ligands directly surrounding the Gd** ion we
have to introduce distortions. (Note that in ac-
cordance with Edgar and Newman®® the effect of
the effective negative charge of the M* ion has not
been taken into account.) For B we may write

8 ’
3 29, -1 ¢
Bg= 3 2l By (o) 1)

(11)
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TABLE IX. Computed shifts of the type-I halide ions
along the X and Z directions for complexes in CaF, ac-
cording to the superposition model. The right-hand
columns refer to the alternative interpretation of the
spectra with Hyl| [110] (see text).

CaF, CaF,
M Ax(R) Az(R) axR)  AzQ)
Li 0.208 0.065 0.222  0.086
Na 0.080  —0.007 0.146  0.087
K —0.052  —0.435 0.737  0.676
Rb -0.210  —0.825 1212  1.173
Cs —0.430  -1.372 1.856  1.839
Ag 0.042  -0.214 0.473  0.395

while for BZ we find a similar relatjonship. Here,
6; and R; are polar coordinates of the ions sur-
rounding the Gd** ion; for the direction =0 we
have chosen the z direction of the complex (see
Fig. 1).

Applying (14) to the system CaF,:Gd**, Na* we
find excellent agreement between our calculated
values for the distortions and those obtained by
Edgar and Newman.'® Analogous to the distortions
calculated on the basis of the point ion lattice mod-
el (see Sec. IV) we have obtained shifts of the type-
I fluoride ions in the (110) plane. Because spectro-
scopically one cannot distinguish between the two
alternative interpretations indicated above, we ob-
tain two sets of calculated shifts, which have been
compiled in Table IX.

We note that in general the shifts given in Table
IX are one order of magnitude larger than those
given in Tables VII and VIII. The total shifts ob-
tained for the complex Gd**-Cs* are 1.44 and 2.61
A for the two alternative interpretations. It is im-
mediately clear that shifts of this magnitude are
completely unrealistic. In order to demonstrate
the difference between the distortions obtained on
the basis of the electrostatic model (Sec. IV) and
the superposition model we have depicted the
shifts for the various complexes in CaF, in Figs.

9 and 10.

It is now of interest to investigate more closely

the reasons for the deviating results of the two

models. From the treatment given in Sec. IV it is
easy to see that the contributions to the second-de-
gree crystal-field parameters vary as 1/R® when
interactions with monopoles are considered, and
as 1/R® when one takes into account contributions
from induced dipoles. From the treatment of the
superposition model we observe that the second-
degree crystal-field parameters are proportional
to R. This leads to slow variations of B? and B3
as a function of the interionic distance, and con-
sequently large distortions are necessary to ex-
plain the observed extra crystal-field splittings.

Another difference between the model employed
in the present paper and the superposition model
is that in the former model the second-order con-
tribution from odd crystal-field terms are in-
cluded, whereas in the superposition model this
is not the case. We have found that for the com-
plexes studied here this is not too important be-
cause the total contribution due to this effect is
about 20%. We emphasize that for low-symmetry
systems the second-order effect of odd terms may
become very important especially when one deals
with small values of Bj.

The shifts compiled in Tables VII and VIII should
be observable by means of electron-nuclear-dou-
ble-resonance experiments, which will give an
accurate test to distinguish between the two alter-
native interpretations of the spectra. Also these
experiments, which are contemplated, will pro-
vide a possibility to assess the merits of the di-
electric interaction model employed in this paper.
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