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where Ve 1s an orthorhombic crystalline electric field
potential,®® X is the spin-orbit coupling constant, and
L and S are the orbital and spin angular momentum
operators, respectively. Setting |1, %)= (r.+imy)a,
| —1, —3)= (w,—im,)B, etc., where a and B are spin
functions, we rewrite Eq. (A1) in its matrix form:

A 0 0

Bl
>

0

>
|
(S
>
o

(ML>MSl5C,lML'7MS/>= ) (AZ)

0 0 —I A

L0 0 A 3N
where A={(=41, 3| Ve|F1, £3) and where the con-
stant diagonal element (=1, 43| V|1, %) has
been omitted. The eigenvalues to this matrix are given
by Eq. (4), and the four unnormallized eigenfunctions
are given by

Yro= 1, £DFO2AF[1+V/20)2 4 | —1, +1),

Yaa= |1, EDFIN2AE[1+ V2072 —1, £3).
(A3)

MERGERIAN AND S.

A. MARSHALL

The two extreme cases for these eigenfunctions, see
Fig. 6, are obtained by permitting the ratio \/2A to
either vanish or become very large.

Spectroscopic splitting factor values for cases corre-
sponding to intermediate values of the ratio A/2A can
be obtained by using slightly modified forms of expres-
sions developed by Kinzig and Cohen? for the Oy
problem. For example, the axial component of the g
value is given by

/2y
I

§erm 8 [AZ—I— (\/2)

where L is a factor close to unity (see reference 21).
For the case of NO located at a negative-ion site in
KNj, the parameter A would not be expected to be
very large as compared to the spin-orbit coupling con-
stant. Consequently, the g values would be expected
to exhibit pronounced departures from the free-electron
value. For example, using Eq. (A4) we find that de-
partures of the order of 109, or so would result in the
value of g.. for a A\/2A ratio of one tenth.
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Electron Spin Resonance of Gd** and Eu®" in Single Crystals of CaO

ALEXANDER J. SHUSKUS
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Single crystals of CaO doped with Eu?* and Gd*" have been investigated by paramagnetic resonance at
X band. Measurements were made at 290, 77, and 4.2°K. The spectra of Eu?* and Gd** can be described by
a cubic spin Hamiltonian. The constants for the spectrum of Gd** at 290°K are g=1.99134-0.0005,
by=(4+11.640.1)X10™ cm™, bg=(—1.15240.1)X10™* cm™. The over-all splitting of the ground state is
(380=4-4) X 104 cm™. The constants for the spectrum of Eu*" at 290°K are g=1.99144-0.001, bs= (+24.0
£0.5) X107 cm™, bg= (—1.620.5) X107 cm™, |45 |=(29.6+£0.1) X10™ cm™, and |48 |=(13.0540.2)
%1074 cm™. The over-all splitting of the ground state is (7814:20)X 104 cm™. The splitting parameters
are found to vary only slightly between 290 and 4.2°K.

INTRODUCTION

ARTIAL removal of the eightfold spin degeneracy
of 47, 857,2 lons by cubic crystalline fields has been
a subject of considerable interest in recent years. Low
and Rosenburger! suggest that the splitting mechanism
may be linear in the crystal field potential. An extra-
polation of their data indicates that a splitting of about
0.2 cm~ would be expected for Gd* and Eu?** in CaO.
A study of Gd**- and Eu?"-doped CaO was undertaken
to determine whether their suggested mechanism is
operative in CaO. The crystal structure of CaO is face-
centered cubic with lattice parameter a=4.797 A.

1'W. Low and U. Rosenburger, Phys. Rev. 116, 621 (1959).

EXPERIMENTAL PROCEDURE

Paramagnetic resonance data were obtained using a
Varian V-4500 spectrometer. Spectra were taken at
room temperature, 77 and 4.2°K. Samples were placed
on the side wall of a TE;gs rectangular cavity resonating
at approximately 9.5 kMc/sec. A 12-in. rotating base
magnet permitted the study of the angular variation of
the spectra. The CaO crystals were obtained from
Semi-Elements Inc. Impurities were introduced into the
crystals with a concentration of approximately 0.05%,
by weight. Samples were cleaved into pieces approxi-
mately 1X4X4 mm. The orientation of the crystallo-
graphic axes was checked by means of x rays.
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TasLe I. Constants for the spectrum of Eu?* in CaO.

Temp. | 4181 | 4183 b4 bs (32b4-8bg)?
(°K) g (10~% cm™) (10 cm™) (10—t cm™) (10~ cm™) (104 cm™)
290 1.99144-0.001 29.63-+0.1 13.054:0.2 +24.040.5 —1.6+0.5 781420

77 1.99174-0.001 30.094:0.1 13.42+0.1 +25.1+0.1 —2.1+£0.5 820420
4.2 1.9918+-0.001 30.16+0.1 13.46-£0.1 +25.740.5 —1.540.5 834420

= Over-all splitting of the ground state.

EXPERIMENTAL RESULTS
Europium, Eu**

The observed spectrum of Eu?* has cubic symmetry
and one ion in the unit cell. The angular variation of the
spectrum can be described by the spin Hamiltonian in
the notation of Baker ef al.?:

H= gﬁHS+B4(O40+ 5044)
+Bs(08—2106)+4S-1, (1)

where 60B4= b4 and 1260B¢=bs are the experimentally
determined parameters. The spectrum of Eu?* is
complicated by the fact that each of the seven fine-
structure lines shows hyperfine interactions with the
two europium isotopes 151 and 153, each of which has
a nuclear spin of 5/2. At room temperature the hyper-
fine structure of the 1/2+«> —1/2 transition is not
completely resolved, but when the temperature of the
crystal is lowered to 77°K, the structure is easily
resolved. The hyperfine structure on the other fine-
structure lines could not be resolved due to broadening
and overlap. This prevented the determination of the
sign of A. The signs of b4 and bs were determined from
measurements of the relative intensities of the fine-
structure transitions at 4.2°K. The measured param-
eters are listed in Table I. With the field directed away
from the principal axes, forbidden transitions of the
hyperfine structure corresponding to Am=d=1 are
observed. Such lines have also been observed for Eu**
in CaFg2? but they were erroneously attributed to
simultaneous transitions of the electronic spin of Eu**
and the nuclear spin of an adjacent fluorine nucleus.
In a recent paper by Bleaney and Rubins,* it was
pointed out that these forbidden transitions would
arise from splitting operators of any degree provided

that the magnetic field is not directed along an axis of
twofold or higher symmetry.

Gadolinium, Gd3+

The spectrum of gadolinium observed shows cubic
symmetry and one ion per unit cell. The angular
variation of the spectrum can be described by the cubic
spin Hamiltonian of Eq. (1). The width of the Gd3*
lines was of the order of 12 G and prevented the
observation of hyperfine interaction with isotopes 155
and 157. The signs of b4 and bs were determined from
measurements of the relative intensities of the fine-
structure transitions at 4.2°K. The measured param-
eters are listed in Table II.

DISCUSSION OF RESULTS

A calculation for the ratio of cubic potentials at the
Ca site in CaO and CaF; based on a simple point-charge
model leads to the expression

V (Ca0)/V (CaFs)= (18/8)d%car/dcaco.  (2)

This yields the result that the crystal field in CaO
would be expected to be approximately twice that of
CaF,. A surprising result of this study is that the cubic
field splitting of Gd** and Eu*" is considerably smaller
in CaO than that found in CaF. (Table III). A second
point of interest is the exceptional degree of covalent
bonding exhibited by the Eu**. The sharp decrease in 4
for Eu?t in going from CaF5 to CaO reflects an increase
in covalent bonding. One would expect a reduction in
hyperfine coupling as the ligand is changed from F- to
O, but the value of the hyperfine coupling for Eu'®! in
Ca0 (29.6X10~* cm™) is even less than the value re-
ported by Bleaney and Low® for SrS (30.8%X10~* cm™?)

Taste II. Constants for the spectrum of Gd3* in CaO.

Temp. 1)4 bs (3264—81)6)“
(°K) g (10~ cm™) (10~ cm™) (10~ em™1)
290 1.9913+4-0.0005 +11.6+0.1 —1.1540.1 3804
71 1.9908-£0.0005 +12.1+0.1 —1.16+0.1 39544
4.2 1.99254-0.001 +12.2+0.1 —-1.19+0.1 4004

a Over-all splitting of the ground state.

2 J. M. Baker, B. Bleaney, and W. Hayes, Proc. Roy. Soc. (London) A247, 141 (1958).
3 M. Dvir and W. Low, Proc. Phys. Soc. (London) A75, 136 (1959).

4 B. Bleaney and R. S. Rubins, Proc. Phys. Soc. (London) 77, 103 (1961).

5 B. Bleaney and W. Low, Proc. Phys. Soc. (London) 68A, 55 (1955).
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TasLE III. Ground state splitting at 290°K of Eu?* and Gd?* in various crystals.

Anion-cation A (3204-8bg)*
Crystal distance in A g (104 cm™1) (10~¢ cm™) Reference
Eu?t:CaF, 2.36 1.992740.001 151 34.07 1784+9 b
153 15.1
SrCl, 3.03 1.995 +0.001 151 341 416430 c
153 15.5
CaO 2.40 1.9914+-0.001 151 29.6 781420 This paper
153 13.05
Gd*t:CaF, 1.991 +0.002 1491 d
ThO. 2.42 1.99134-0.0005 17553 e
SrCly 1.9906+-0.001 31742 c
CaO 1.9913-0.0005 38044 This paper

¢ See reference 1.
d See reference 7.

a Over-all splitting of the ground state.
b See reference 2.

where one would expect a fair degree of covalency to the
bond. The strong covalency exhibited in CaO is difficult
to explain since this does not appear to be the case for
Gd* in ThO,® where the ligand is the same and the
interionic distance is similar. At first glance one would
assume that the reduction in crystal-field splitting
could arise from covalency effects, but covalency has
always implied increased cubic field effects contrary to
what is observed. Deviations from the normal CaO
parameters could give rise to this smaller than expected
splitting, but x-ray measurements showed no detectable
change. This still would not detect changes in the local
parameters about the impurity ion for the small
concentrations present in the crystals. An additional
point that can be raised is that the Eu** and Gd?** ions
are in the interstitial sites where the symmetry is
tetrahedral. This argument does not seem realistic since
the EuO structure is isomorphous with CaO; and, there-
fore the Eu*t would be expected to be found in the
octahedral sites rather than the smaller tetrahedral
sites. From size considerations it appears that the Gd**
would prefer the same octahedral sites.

The temperature dependence of the splitting is found
to be small, increasing slightly as the temperature of
the crystal is lowered from 290 to 4.2°K. This small
change with temperature has been construed as indicat-
ing a linear dependence on the crystal field. The sign of
the cubic-field splitting for Eu?* and Gd** in CaO is
found to be positive just as that reported by Low?®7 for
Gd*t in ThO; and CaF.. If the cubic-field splitting is
linear in terms of the crystal potential (as suggested by
Low), the change in sign of the cubic potential which
results in passing from eightfold cubic coordination in
CaF; to sixfold cubic coordination in CaO is not re-

"¢ W. Low and D. Shaltiel, J. Phys. Chem. Solids 6, 315 (1958).

e See reference 6.

flected in the sign of the cubic-field splitting parameters.
The splitting of the ground state of the 4f7, 857/
configuration by cubic fields must, therefore, be due to
a mechanism more complex than a simple linear
dependence on the crystal potential.

Nole added in proof. The signs of the cubic field split-
ting parameters for Eu** and Gd** in CaO which are
listed above are in error and should be reversed to read
— b4 and +be. Initially, the signs of the parameters were
determined using Eq. (19.4) of Low.® These equations
yield the erroneous result that the low field transition
would be the M=—7/2¢>—5/2 for a positive value of
bs. Unfortunately this result was checked against an
erroneously labeled Fig. 2 of reference 7 which gave a
result consistent with the above equations and also
the positive value reported for b4 in that paper. This
consistency masked the error.

The negative value determined for &4 in sixfold co-
ordinated CaO as opposed to the positive value reported
in eightfold coordinated Cal’; does lend evidence that
there is a linear dependence of the ground state splitting
for 85 state ions by cubic fields. There is a problem of
explaining the unusually low ground state splittings
found in CaO as compared to CaFq; for this does not
appear to follow a simple linear dependence based on a
simple point-charge model.
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