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Cubic-Site EPR Spectra of Eu?* and Gd*" in MgO Single Crystals*
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The electron-paramagnetic-resonance spectra of Gd* and Eu® in cubic sites of MgO single
crystals have been observed. Spin-Hamiltonian parameters for these ions have been deter-
mined as a function of temperature. The observed variation of the fourth-order spin-Hamil-
tonian parameter ¢ vs lattice constant for the alkaline-earth oxides implies that in MgO over-
lap and covalency must be considered in determining the ground-state splitting of these ions.

INTRODUCTION

Although numerous electron-paramagnetic-res-
onance (EPR) investigations of iron-group impuri-
ties in magnesium oxide single crystals have been
performed, until the recent observation! by EPR
of Yb* in MgO, the only rare-earth resonance
spectrum reported for this host was that of Er®,?2
Detailed studies of several rare-earth ions have
been carried out, however, using the isomorphic
(NaCl-type structure) hosts CaO, SrO, and BaO.
Of these studies, the experiments®~!® dealing with

the impurity ions Eu?* and Gd* (47 configura-
tion, 8s, s> ground state) are considered to be par-
ticularly significant, since they emphasize the in-
ability of current models to account for crystal-
field effects on the 3S;/, ground state. The cubic
spectrum of Eu® in the oxides was especially in-
teresting in that the fourth-order spin-Hamiltonian
parameter was observed to vary from a positive
quantity for Eu®* in BaO, to approximately zero in
SrO, to a negative quantity in CaO. A variation of
this nature is clearly beyond the predictions of a
simple crystal-field model. Additionally, the sign
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of the fourth-order spin-Hamiltonian parameter for
Gd* in the three oxides, where the Gd* impurity is
coordinated with six nearest neighbors, was deter-
mined to be the same as that for Gd** when coordi-
nated with eight nearest neighbors. This result is
again unexpected on the basis of any rudimentary
model for the crystal-field interaction.

Incorporating Eu?* and Gd* in single-crystal MgO
would make it possible to study the effects of a re-
duced lattice size on the signs and magnitudes of the
spin-Hamiltonian parameters, and to compare tem-
perature variations of the ground-state splittings
with the other alkaline-earth oxides and with fluo-
rite-structure hosts. Additionally, MgO is ideally
suited for investigations of the effects of both uni-
axial stress and pressure on S-state splittings. For
these reasons numerous attempts have been made
during the past several years to observe EPR spec-
tra of either Eu® or Gd** in MgO single crystals.
All previous attempts have been unsuccessful and
no %S,,, spectra of any symmetry type have been re-
ported for this host.

The purposes of this paper are to report the ini-
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tial observation of cubic-site EPR spectra for Eu®
and Gd* in MgO single crystals, to present the
spin-Hamiltonian constants which have been deter-
mined as a function of temperature, and to examine
the implications of these results as they relate to
the general question of cubic-field splittings of S
states arising from 7 configurations.

EXPERIMENT

The Eu®*- and Gd**-doped single crystals used in
this investigation were grown by the arc-fusion
technique.!* The starting material consisted of
high-purity MgO powder®® to which the appropriate
rare-earth oxide had been added. EPR spectra
were observed at a frequency of approximately
9 GHz using both a conventional homodyne spec-
trometer and a superheterodyne system for mea-
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TABLE I. Spin-Hamiltonian parameters for Gd* and

Eu® in MgO.
Temp. c d
(K) g (104 cm™) (10" em™)
Gd*
Room 1.9920+0.0005 —134.5+0.2 +8.5x0.1
i 1.9920+0.0005 —139.8+0.2 +8.8x+0.1
4.2 1.9920+0.0005 ~140.0+0.2 +8.8x0.1
Eu?
m 1.9894+0.0005 —291.8+0.4 +14.7+0.2
4.2 1.9894+0.0005 ~292.6+0.4 +14.6+0.2

surements at 4. 2 K or below,

In MgO single crystals doped with Gd*, a cubic-
symmetry EPR spectrum was observed at room and
lower temperatures. Figures 1 and 2 show the
MgO: Gd* spectra obtained at 77 and 1. 1 K with the
magnetic field applied parallel to a fourfold symme-
try axis and a threefold symmetry axis, respective-
ly. The seven AM,=x1 transitions are identified
at the bottom of the figures. Spectra due to Cr®,
Fe®, and Mn* are also present. The changes in
relative intensities with temperature apparent in
this figure fix the signs of the transitions and deter-
mine the sign of the fourth-order spin-Hamiltonian
parameter as negative. The angular dependence of
the Gd* spectrum is shown in Fig. 3 and illustrates
the cubic-symmetry variation., It is important to
notice in Fig. 3 that although the ordering of the
AM,=11 transitions with H1 [100] is identical to
that observed for Gd* in the fluorite-structure
hosts, the ordering when the magnetic field is ap-
plied parallel to a [111] direction is not.® For
Hi[111], the ~ 1 ~~2 and — 3 ~—2 lines on the
low-field side of the spectrum and the + % -+3 and
+3 =+ 2 lines on the high-field side are inter-
changed from their ordering in the eightfold-coor-
dinated hosts., This interchange occurs because the
ratio of the crystal-field parameters Bg/B, is
larger for Gd* in the sixfold-coordinated oxides
than in the fluorite-structure hosts.

The cubic-site spectrum of Eu?* was not seen in
“as-grown” MgO crystals. After y irradiation at
either 77 or 295 K, cubic Eu®* resonance transitions
were observed due to the conversicn of some earo-
pium to the divalent state. The resonance spectrum
could not be observed at room temperature, but
could be seen at 77 K and at lower temperatures.
Axial Eu® spectra were not observed. Linewidths
of individual Eu®* hyperfine components were very
small (less than 1G wide) and the 12 hyperfine com-
ponents due to the two isotopes *'Eu and 5°Eu were
clearly resolved.

The cubic-symmetry spectra of Eu** and Gd*
were fitted to the spin Hamiltonian!’
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5=gupH-S+B,[03+ 50} ]+ Bs[03- 2104] (1)

by means of a computer program which performed
an exact diagonalization of the matrix correspond-
ing to the S=% ground state. For the analysis of
hyperfine structure, Eq. (1) was appropriately
modified by addition of the term AL.S. The spin-
Hamiltonian parameters determined for Eu® and
Gd* are shown in Table I, where the usual notation
¢ =240B, and d = 5040B; is employed. Additionally,
the following hyperfine parameters were deter-
mined (in 10 cm™): for Eu®* (at 77K), 154
=-31.63+0,.10 and %4 =-13.95+0. 10; and for
Gd* (at 296 K), 4 =3,85+0.05 and 1574 = 5, 06
+0. 05.

DISCUSSION

Previous investigations of the effects of lattice
size, temperature, pressure, and uniaxial stress
on the ground-state splittings of 4 f7-configuration
ions have established that competing interactions
are responsible for the observed splittings, and
that these interactions include terms containing
quadratic and higher powers of the crystal-field po-
tential. Although a great deal of attention has been
given to studies of these ions in the cubic fluorite-
structure hosts, the information provided by the in-
vestigations using alkaline-earth-oxide hosts is be-
lieved to be more significant for two principal rea-
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sons: First, the ground-state splittings of Eu? in
the oxides provide a reference point at which com-
peting interactions produce a null effect. Second,
with the addition of the data presented here, a more
definite trend in the variation of S-state splitting
with lattice size can be established. (This is pos-
sible since the MgO:Eu?* and MgO:Gd* data
greatly extend the range of host-lattice sizes for
the oxide series relative to that for the alkaline-
earth fluorides.) Combining the present data with
those obtained for BaO, SrO, and CaO, it is ap-
parent that the fourth-order spin-Hamiltonian
parameter ¢ obtained for Eu®* varies linearly with
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lattice constant q,, while that of Gd** does not.” The
Eu® fourth-order parameters are fitted by the
equation c = 284. 3a,- 1480, where g, is expressed
in angstroms and ¢ in 10™® ¢cm™. The linear cor-
relation coefficient of 0. 996 for this fit shows that
there is only a 0. 4% probability that four random
points would fit a straight line to this accuracy or
better. A plot of ¢ vs g for europium and gadolin-
ium is shown in Fig. 4. The slope of the c-vs-a,
curve for Gd* is seen to increase rapidly with de-
creasing q, at the CaO data point where the ionic
radii of Gd* and Ca® are approximately equal.
Near the MgO data point, the slope determined for
Gd* approaches that found for Eu® ,

In view of the disparity in ionic sizes between
Mg® and the Eu® and Gd* impurity ions, consid-
erable overlap is expected between the paramag-
netic impurity and the coordinating ions. (Indeed,
it is remarkable that these ions can be incorporated
substitutionally in MgO. The presence of cubic-
symmetry sites with minimal lattice strains, as
evidenced by the narrow lines, is even more unex-
pected.) The similarity in the slopes at the MgO
data point implies that overlap and covalency are
more important in determining the splitting in MgO
than they are in the more inflated lattices. The
larger splitting found for Eu® relative to Gd* in
MgO supports this implication since the ionic radius
of Eu* is larger than that of Gd*. Although overlap
and covalency should continue to be more impor-
tant for Eu?* than Gd®* in the hosts with larger cat-
ion sizes, other mechanisms appear to dominate
in these hosts. Similar dependences of the fourth-
order parameter ¢ on lattice size for Eu®* and Gd**
in the alkaline-earth fluorides are suggested from
the available data but are less dramatic due to the
restricted range of lattice-constant variation.

Considering the systematics of lattice size and
ionic radius and their relation to the observed
splittings, we suggest that overlap and covalency
should be given a more detailed treatment than they
have previously received in attempts to calculate
%S/, ground-state splittings.
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A theoretical account is presented of the pulse-height characteristics of NaI(T1) scintillation
counters subjected to energetic heavy-ion bombardment (Z=5, E/A=1-10 MeV/nucleon) at
room temperature. The falling off of scintillation efficiency dL/dE with decreasing energy
and the charge dependence at fixed energy are simultaneously accounted for by introducing the
concept of a cylinder of high energy-deposit density surrounding the particle track. Insidethe
cylinder competitive events, favored by high ionization density, are assumed to dominate those
which produce the characteristic luminescence emission. Agreement with experiment is best
for high-Z particles. Cylinder radii vary over the range 110 < R.(Z, v) £,390 A._ Estimates of
the fraction of the total energy loss available for efficient light production yield the values
0.20 g Fy(Z, v) £0.50, while the critical value of energy-deposit density defining the high-
density cylinder is approximated to be 5.32x107 erg/cm®, Also, a brief discussion is pre-
sented regarding interpretation of the heavy-ion pulse-height characteristics of pure alkali
halides at low temperature, and those of anthracene and NE 102 plastic scintillators, in terms
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of the track-effect theory.

I. INTRODUCTION

The purpose of this paper is to provide a theo-
retical account of the response of activated alkali
jodide scintillation counters to room-temperature
bombardment by energetic heavy ions and, in so
doing, to present a theory applicable to a fairly
wide range of scintillating crystals. Treated ex-
plicitly are the data of Newman and Steigert* for
NaI(T1) corresponding to bombardment with B,
c!?, N'*, O, F'®, and Ne?® ions of incident ener-
gies ranging from approximately 1 to 10 MeV/
nucleon. The curves displaying relative pulse
heights, shown in Fig. 1, are linear at the higher
energies, and become distinctly nonlinear as E de-
creases. The direction of curvature implies a
systematic falling off of scintillation efficiency
dL/dE with the slowing down of a particle. Also
apparent is a dependence of pulse height on particle
identity, such that the lighter the ion, the greater
is the total light output for the same total energy
loss.

Detailed explanations have been offered to ac-
count for these features.?™ However, the treat-
ments of Refs. 2 and 4 include explicit assumptions
regarding luminescence mechanisms which have
been demonstrated to be invalid or, at best, highly
dubious. Also, several processes which are opera-

tive during the penetration of a highly ionizing
particle—processes which are likely to have a pro-
found effect on the luminescent response—are dis-
regarded. The treatment of Ref. 3 suffers from
difficulties of a somewhat different nature which,
along with the above points, are discussed in the
paper. Further examination of the problem would
appear to be in order.

The present formulation incorporates the so-
called “track-effect” profile of energy deposit about
the path of a penetrating ion.® An imaginary cylin-
der surrounding the particle track is employed to
partition the crystal into regions of high and low
energy-deposit density. Associated with each re-
gion is a corresponding contribution to the total
scintillation efficiency. Upon consideration of
events favored by high ionization density, e.g.,
electron-hole recombination and radiation-damage
and lattice-heating effects, and upon consideration
of the competitive role of such events with respect
to luminescence, the assumption is made that dL/
dE receives a negligible contribution from within
the high-density region. In contrast, the response
to energy deposited outside the high-density cylinder
is assumed to be linear. Thus, the total light pro-
duction efficiency of a particle of atomic number Z
and velocity v is determined solely by the energy
deposit at distances from the track which exceed



