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Electron-Spin-Resonance Spectrum of Divalent Europium in Thorium Dioxide*
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Either 2-MeV electron or #°Co 1 irradiation was employed to reduce trivalent Eu in ThOs to the divalent
state. The ESR spectrum of the Eu?* jons could only be observed at temperatures below 77°K and posessed
trigonal symmetry about the four (111) axes. The axial crystal field was so strong that only the | M ;
=3) to |M;=—%) transition was observed with a highly anisotropic g value (g;;=1.9678-0.0005
and g1="7.867+0.002). Hyperfine structure was resolved but the angular variation was complex because of
a nuclear quadrupole interaction that was of the same order of magnitude as the hyperfine interaction.
Spin-Hamiltonian constants which describe the ESR spectrum were determined with the use of a computer.
Electron irradiation at 77°K was not successful in producing Eu?t in isomorphous CeQs,. In addition,
crystals of ThO; and CeO; doped with trivalent thulium were also electron-irradiated at 77°K, but no

change in the Tm valence was detected.

INTRODUCTION

OR several years, it has been known that trivalent
rare-earth ions incorporated into the cubic fluorite
crystals CaF,, SrFs, BaF,, and SrCl, can be reduced to
the divalent state.! This conversion can be accom-
plished by either ionizing radiation,! metal vapor
baking,® or solid-state electrolysis.® In the fluorite
crystals, the rare earth occupies the cation site, which
has eightfold cubic coordination. Apparently only rare-
earth ions located in sites with cubic crystal field sym-
metry are reduced by irradiation. Even though the
techniques of metal vapor baking and solid-state
electrolysis produce much larger concentrations of
divalent ions, these ions are also located in cubic sites.
Irradiation-produced divalent rare-earth ions revert to
the trivalent state upon thermal bleaching or uv
illumination, while the other techniques produce more
stable divalent ions.

Recently, we have shown that Tm?t in sixfold-
coordinated cubic sites of CaO (rock-salt structure)
could be made divalent by irradiation at 77°K and that
the divalent Tm was not stable at room temperature.”
Experiments were then begun to determine what valence
changes can be induced in a cubic host with tetravalent,
rather than divalent, cations.

Cubic crystals of ThO, and CeO, doped with Tm20s3,
which exhibited no ESR signals before irradiation, were
irradiated at 77°K with 2-MeV electrons. The ESR
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spectra of these crystals were observed at 77 and 4.2°K
without allowing the crystals to warm. No Tm?* or
Tm*" signals were detected in either host, although the
resonance spectra of ions in either valence state should
be easily observable. The presence of Tm in the ThO,
crystal was indicated by the characteristic Tm blue
thermoluminescence® emitted as the irradiated ThO,
crystal was warmed to room temperature. It was con-
cluded that irradiation at temperatures of 77°K or
above does not produce valence changes in Tm-doped
ThO; and CeO,. The other rare-earth ion most likely to
be reduced in these hosts is Eu, since Eu?* represents a
half-filled shell (4f7) which is relatively stable. Although
europium frequently occurs in the divalent state, it is
initially trivalent in ThO, and CeQ,. Attempts were
then made to form Eu?* by irradiation and were suc-
cessful in ThO,, but not in CeO,.

Eu** is isoelectronic to Gd*+, and its ground state
(3S72) is an orbital singlet. An electric field of any
symmetry will not lift the spin degeneracy of this state
to first order. However, due to admixtures of higher-
lying states, small crystal field splittings are observed.
When the crystal field has cubic symmetry, the eightfold
spin degeneracy is split into two doublets (I's and I'y)
and a quartet (I's). If an axial distortion of the crystal
field is present, the free-lon ground state is split into
four doublets described by | =M ;). No matter what the
symmetry, the splitting of the 47, 8575 ground state in
previously observed hosts is usually small enough to
enable all seven AM ;= =1 transitions to be observed in
an X-band ESR experiment. In addition, the spin-
lattice relaxation time of 4f7 ions is generally long
enough that the ESR can be detected at room tempera-
ture. The ESR spectra of Gd*" have been reported in
ThO, and CeO; in both cubic and axially symmetric
sites, although only the cubic splitting has been mea-
sured.®~!! Similar spectra for the isoelectronic divalent
europium in these crystals would not be unexpected.
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Fic. 1. ESR spectrum of 51Eu?* in ThO,. Spectrum for one
of the four trigonal (111) sites with H at various angles to the
[1117 axis.

EXPERIMENT

Crystals of ThO, and CeO, doped with Eu (up to
1-wt.9%, Eu;0; in the growth solution) were grown from
the high-temperature solvent Li;O-2WO3; by a method
previously described.’>'® No ESR signals were observed
in the unirradiated crystals at temperatures down to
4.2°K, indicating the Eu was in the trivalent state
(Eu*t has a "F, ground state and hence is diamagnetic).
The crystals were irradiated at 77°K with 2-MeV
electrons, and the resonance spectrum was examined at
77°K without an intervening warmup. No signals were
observed in either host, but upon lowering the temper-
ature to 4.2°K, Eu?* signals were observed in ThOg, but
not in CeO,. Although originally colorless, crystals of
both hosts were blue-black after irradiation, and both
exhibited pink thermoluminescence typical of Eu®t
when allowed to warm to room temperature. (The
thermoluminescence intensity was weaker in the CeOs,
however.) After warm-up, the ThO, was slightly pink,
while the CeO; was colorless. The Eu?t in ThO, bleached
slowly at room temperature and rapidly with uv
illumination. Irradiated ThO, crystals that were stored
in the dark for two weeks at room temperature still
possessed a Eu?t spectrum. Weak Eu?* signals in ThO,
could also be detected at 4.2°K after room-temperature
B or %Co v irradiation.

In contrast to previously observed cases of irradiation-
produced divalency, the Eu** spectrum showed trigonal,
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rather than cubic, symmetry about the four (111) axes
of the crystal. For each site, only one highly anisotropic
AM ;=1 transition was observed, indicating that the
crystal field was so strong that at high temperatures the
spin-lattice relaxation time was too short for a resonance
spectrum to be observed, while at low temperatures only
the | M y==%) doublet was populated. For an effective
spin %, the observed g values (g2, g,~~8) showed that
the resonance was between the levels of a ground
doublet of an S=7 state (4/7 electronic configuration),
and the characteristic hyperfine structure definitely
labeled the ion as europium.

A large nuclear quadrupole interaction made the
angular variation of the hyperfine structure so complex
that it was necessary to grow crystals with only one or
the other of the two stable isotopes: *'Eu (I =%, natural
abundance 47.8%,) or ¥Eu (I=3%, natural abundance
52.29,). The enriched *'Eu was 96.7%, »'Eu and 3.39%,
153Ky, while the enriched Eu was 98.79, Eu and
1.39, “'Eu. The large anisotropy made it easy to
separate the hyperfine spectra of the four different (111)
sites. As expected for allowed (AM =41, AM;=0)
transitions, the "Eu hyperfine spectrum showed six
large lines at §=0°, where 6 denotes the angle the mag-
netic field makes with the [1117 axis (Fig. 1). As 6 was
increased from 0°, forbidden lines (AMr5£0) grew
rapidly in intensity due to admixtures of the nuclear
levels by the quadrupole interaction, while the allowed
lines decreased, so that some of the forbidden lines be-
came equal to, or larger than, the allowed lines at ~1°.
For 6~3°, almost all of the 36 possible AM ;=21
transitions were observed. This complex pattern simpli-
fied as 6 was increased further, so that by ~15°, a six-
line hyperfine spectrum was again observed for this
isotope and was maintained as 6 was increased to 90°.
Some of the small lines present in Fig. 1 are due to the
3.3%-abundant 5*Eu isotope.

The '8Eu-enriched crystal also had a six-line hyperfine
spectrum at §=0° (Fig. 2). In the region 0°<0<10°, the
angular variation of the allowed lines (i.e., the six large
lines at #=0°) was unusual. Designating these lines at
6=0° by the numbers 1-6, counting from low field, the
innermost lines (3 and 4) moved toward the outside of
the spectrum as 6 was increased and approached lines 2
and 5, respectively. At §=4°, line 3 was at a lower field
than line 2, while line 4 coincided with line 5. With
further increases in 6, lines 3 and 4 continued moving
outward to superimpose with lines 1 and 6, respectively.
At 10° the three lines of each half of the spectrum
coalesced. These two lines then split into three lines and
large forbidden lines appeared, some of which super-
imposed as 6 was further increased. At the same time,
the allowed lines grew smaller, so that by 6~30°, a 10-
line hyperfine spectrum was observed for each site. This
pattern was essentially maintained as 6 was still further
increased to 6=90°. The different hyperfine pattern for
this isotope is not unexpected, since the »Eu quad-
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rupole moment is 2.5 times larger than that of 15Euy,
and the magnetic moment is 2.26 times smaller. For
both isotopes the linewidth varied with magnetic field
orientation and was approximately 1 G at §=0°and 4 G
at 6=90°.

The observed spectra were fitted to a spin
Hamiltonian :

5C=glIBHzSz“f‘giﬁ[HzSx+HySy:|+AIzSz
- (gN)HBNHzIz— (gN)l.BNI:HxIﬂc_f_,Hny:I )

with S=3, =3, and where an axially symmetric
nuclear Zeeman term was included to account for any
“pseudonuclear” interaction. Since the quadrupole inter-
action was found to be an appreciable fraction of the
hyperfine interaction, the usual perturbation formulas
for the transitions™ could not be used and two computer
programs were used to determine the spin-Hamiltonian
parameters. The first program started with trial values
for the spin-Hamiltonian parameters and computed the
eigenvalues, eigenvectors, transition energies, transition
probabilities, and derivatives of the transition energies
with respect to each of the parameters and the angle 6,
for any given magnitude and direction of the dc mag-
netic field. This program also labeled the transitions for
use in a second program, which adjusted the parameters
to bring the computed transitions as close as possible to
the microwave energy.

A crystal containing one of the isotopes was mounted
in the cavity so that the magnetic field could be rotated
in the (110) plane. The symmetry of the (111) axial
system in this plane allowed accurate determination of
those values of 6, such that cosf=1, v/%, v/%, 1, and 0.
The measured line positions at these angles were suffi-
clent to determine g, g, 4, B, and |P| for both
isotopes as well as [(gw).| for ™Eu and |(gn)ul
for ¥Eu.

In an attempt to determine **(gx) 1 and the sign of P
relative to 4 and B, the line positions were measured at
0°<#<2° where the lines were insensitive to (gx)., but
some were sensitive to (gx)u. Owing partly to the large
anisotropy at these angles, the computer could use the
evaluated parameters to determine the angle § more
accurately than it could be measured. Thus for a set of
measurements at a given angle 6, two allowed lines
whose derivatives with respect to P and (gn)i were
small were used to find a slightly different value of 4
which would give better agreement between the com-
puted and experimental line positions. With the im-
proved angle 6, all line positions taken at that angle
were used to determine (gw)i; and the relative sign of P.
The positions of the forbidden lines in this region were
most sensitive to changes in P and (gw).;. Unfortu-
nately, not enough of the forbidden lines could be
measured to determine the relative sign of P and a
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F1c. 2. ESR spectrum of ®Eu?t in ThO,. Spectrum for one
of the four trigonal (111) sites with H at various angles to the
[1117] axis.

precise value of (gw)i for 1%Eu. The absence of *Eu
forbidden lines at large values of 6 prevented determi-
nation of (gx), for this isotope.

The spin-Hamiltonian parameters given by the com-
puter are presented in Table I. With these constants,
the computed position of every line was within 1 G of
the measured position.

For either isotope the values of (g)n and (gn). that
gave the best fit to the data depended strongly on the
sign of P. If P was chosen to have a different sign from
A for B1Eu, the computed value of (gx); was 1.540.3,
which agrees with the nuclear g value of 1.3852 mea-
sured by atomic beams.!® If P was chosen to have the
same sign as 4, (gy)u=—>5.040.3. Both sets of con-
stants fit the data equally well, but it appears from the
above that P probably has a different sign from 4. If

TaBrE I. Spin-Hamiltonian parameters for divalent europium
in ThO,. The choice of negative signs for 4 and B conforms with
that of Baker and Williams (see Ref. 20). The sign of P was chosen
to give the more likely value of 15 (gy)j|.

BIEY 18Ky
gl 1.9678+-0.0005 1.967820.0005
g1 7.867 ==0.002 7.867 =40.002
A (MHz) —96.3 0.2 —42,6 =+0.1
B (MHz) —407.9 408 —180.0 +0.8
P (MHz) +233 +0.3 +59.6 +0.5
(gm1 1.5 =03 1.0  +23
(gw)1 e —7.6 =+0.8

15 .. Evans, P. G. H. Sandars, and G. K. Woodgate, Proc. Roy.
Soc. (London) A289, 114 (1965).
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P has the same sign as 4, a large pseudonuclear inter-
action would have to be present to explain the dis-
crepancy in (gn)n. Since the quadrupole moments of
both ions have the same sign, the sign of P for both
isotopes is the same. If P is assumed to have a
different sign from 4, the calculated *(gy). is —7.6
+0.8. For P having the same sign as 4, %(gy),
=46.74-0.9. Neither (gn). value is close to the ex-
pected gx value of 0.6117,%® but both values fit the data
equally well. The ambiguity in the signs of the parame-
ters could possibly be removed by further data (locating
more forbidden lines) on more heavily doped samples.
However, an ENDOR study of these crystals would be
more profitable since it would give not only the signs,
but more accurate values for all the constants, except
the electronic Zeeman terms.

DISCUSSION

The present work is the first case in which the ground-
state splitting of a 4f7 ion is so large that it can be
described with an effective spin of 4. The exceptional
strength of the crystal field is also indicated by the
unusually short spin-lattice relaxation time for an
S-state ion. All previously observed spectra of Eu** or
Gd** could be observed at room temperature. A large
crystal field splitting has also been observed for
Fedt (3d5,°S5,) and is routinely found for Cm3*+ and
Am?t (5/7,857/5).18 It is also the first case in which elec-
tron or vy irradiation has produced a divalent rare-earth
ion in an axial crystal field as well as in a tetravalent
site. In the only other case where a divalent rare earth
was produced in a noncubic site (Tm?* in BaF,) 7 the
authors employed both v and optical irradiation. A
model which explains the (111) axial symmetry and
provides the required charge compensation is a substi-
tutional Eu** ion with a nearest-neighbor O~% vacancy.
However, the validity of the model cannot be proved by
the available data.

For a J=1 ion whose ground state in an axial crystal
field is described by an effective spin of §:

gu=2)\<MJ=%l]szJ=%>=)\a
g=NM ;=374 |M;=—35=4\,

where \ is the Lande g factor. Ignoring relativistic and
diamagnetic effects, A=2 for Eu*", and therefore g;;=2
and g.=8. The agreement of these values with the
observed g values for ThO,:Eu is proof that the Eu is
divalent with a | M ;= =3) doublet lowest, and that the
dominant second-order crystal field parameter By is
positive. The departure of the measured g|; from 2.0005
(the value of 2 for the 857, state corrected for rela-
tivistic and diamagnetic effects)® is larger in this host

16 M. M. Abraham, C. B. Finch, and G. W. Clark, Phys. Rev.
168, 933 (1968).
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than for other Eu-doped crystals. Such deviations are
usually explained as due to admixtures of excited states.
Judd and Lindgren®® find that spin-orbit coupling with
the Py, state reduces the N to 1.9933 and clearly
another mechanism is needed. Another indication of
admixtures of higher-lying J manifolds is the departure
of g1.4/gB from unity.’® The measured values give
g14/g,1B=0.944 for ¥'Eu and 0.946 for "Eu.
The ratios of the hyperfine interaction parameters

1814 /1584 =2.2610.010, 1B/1%B=2.266-0.014

are in good agreement with the ratios of the magnetic
moments
151, /188, = 2.263240.0026,  15/153u = 2.2650540.00042

found by ENDOR?® and atomic beams,' respectively.
The ratio of the quadrupole interaction parameters

1P /151 P =2 564-0.05
may be compared with the ratio of the quadrupole

moments
153Q/151Q — 254

found by atomic beams® and optical spectroscopy.?
Much weaker quadrupole interactions for Eu?*t in
PbCl, were found by Vrehen and Volger? and for Eu**
in CaF, by Baker and Williams.? The latter give

1550 /1510 = 2.584+0.02.

These values agree within experimental error.

It was necessary to consider the nuclear Zeeman term
in the spin-Hamiltonian to be axially symmetric. An-
other microwave frequency was not available to check
the linear magnetic field dependence of this term; how-
ever, the only other interactions known which could
possibly affect the spectrum are the octopole and the
high-order A’I™S™ interactions.? For an effective spin
S=1 state, only the octopole, 4’I3S, and 4"'I5S terms
would contribute to the Hamiltonian. All these addi-
tional terms (octopole and I™S™) have been found® to
be quite small for Eu?*, and were therefore neglected.
The pseudonuclear interaction arises from admixtures
of other levels within the J manifold by a combination
of the magnetic field, hyperfine, and quadrupole inter-
actions.*?* The largest of these interactions, involving

18 B, R. Judd and I. Lindgren, Phys. Rev. 122, 1802 (1961).

19 R. J. Elliott and K. W. H. Stevens, Proc. Roy. Soc. (London)
A218, 553 (1953).

20 T, M. Baker and F. I. B. Williams, Proc. Roy. Soc. (London)
A267, 283 (1962).

21 S S. Alpert, Phys. Rev. 129, 1344 (1963).

22 G, Guthohrlein, Z. Physik 214, 332 (1968).

2 (). H. F. Vrehen and J. Volger, Physica 31, 845 (1965).

24 J, M. Baker and B. Bleaney, Proc. Roy. Soc. (London) A245,
156 (1958).
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the magnetic field, will cause much larger admixtures
when the direction of the field is not parallel to the
symmetry axis of the site. The fact that the (gx) values
for both isotopes are close to the expected values, while
(gw)1 for B3Eu is greatly different, confirms this expecta-
tion. If good values for the nuclear g values can be ob-
tained, it should be possible to calculate a rough value
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of the separation of the |=3) doublet from the next
nearest |#3) doublet.
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Using a double-crystal spectrometer, two portions of the spectrum of Cu Ko, Kay radiation scattered
by boron have been recorded. One portion is near the Rayleigh peaks; the other portion is at a distance
of about 180 eV from the Rayleigh peaks. Several discontinuities have been noted in the first region. A
definite double line has been observed in the second region at a distance from the Rayleigh lines which
corresponds closely to the energy required for a 1s-2p electron transition. The widths of the observed
lines are in agreement with the K boron emission lines. No conclusive results have yet been obtained with
regard to the selection rules. It is not clear that the process under investigation is a three-level transition

process.

INTRODUCTION: CURRENT STATUS
OF PROBLEM

INCE the discovery of the Compton effect, physi-
cists have expected this phenomenon to be useful
in the study of the solid state. Early experimental data
encouraged their hopes. However, little success is
evident as yet in the application of modified x-ray
scattering to the study of solids. Recent advances in
instrumentation have improved the possibility of
progress in this direction.

The fine structure of the Compton spectrum was
first reported in a series of articles by Davis’2 and his
co-workers, and by Mitchell® in 1929. Their results
were challenged by Bearden* a year later. DuMond?®
discussed theoretically the existence of an x-ray Raman
effect in terms of a series of sharp lines related to electron
transitions to unfilled energy levels in the atom. He con-
sidered the contradictions in the literature to be due to
the very low intensity of the effect. In 1936, Sommer-
feld® studied inelastic scattering of x rays by bound
electrons and predicted the existence of discrete Raman
lines. He did not discuss the associated selection rules,
but he did confirm theoretical studies by Schnaidt” on
the relative intensities of the Rayleigh and Raman
lines. According to Schnaidt, the first Raman line

1B. Davis and D. P. Mitchell, Phys. Rev. 32, 331 (1928).
2 B. Davis and H. Purks, Phys. Rev. 34, 1 (1929).

¢ D. P. Mitchell, Phys. Rev. 33, 871 (1929).

4J. A. Bearden, Phys. Rev. 36, 791 (1930).

5 J. W. M. DuMond, Rev. Mod. Phys. 5, 1 (1933).

6 A. Sommerfeld, Phys. Rev. 50, 38 (1936).

7 F. Schnaidt, Ann, Phys. (Paris) 21, 89 (1936).

(corresponding to the #=1 to #=2 transition) in the
most favorable case (when the Compton shift is equal
to the binding energy) has an intensity of £ of the
Rayleigh line. Successive Raman lines diminish rapidly
in intensity in proportion to 1/#3.

In recent years, the story has been one of repeated
observation of Smekel-Raman-type lines and challenges
to these observations. Das Gupta,® in 1959, using a
bent Mica Cauchois spectrograph and a photographic
exposure method, reported the existence of Raman-type
modified lines for graphite, aluminum, and beryllium.
Weiss,? in 1965, repeated the Das Gupta measure-
ments on graphite, beryllium, and lithium fluoride
with a Norelco fluorescence spectrometer and did not
confirm Das Gupta’s findings. It should be noted that
the spectrometer used by Weiss did not appear to
provide the resolution necessary to observe a fine
structure in Compton spectra. Work by Faessler
and Miihle,? in 1966, carried out with an experimental
arrangement similar to that of Das Gupta, confirmed
Das Gupta’s results. Suzuki'* studied the x-ray Raman
effect in 1967 with a single flat-crystal spectrometer
and Cu Ke radiation from a high-intensity rotating
anode tube. His results, with respect to the position of
the Raman lines, are in agreement with theoretical pre-
dictions of Mizuno and Ohmura.? Mizuno and Ohmura
predicted that the Raman spectrum should have

8 K. Das Gupta, Phys. Rev. Letters 3, 38 (1959).

9 R. J. Weiss, Phys. Rev. 140, A1867 (1965).

10 A. Faessler and P. Miihle, Phys. Rev. Letters 17, 4 (1966).
1T, Suzuki, J. Phys. Soc. Japan 22, 134 (1967).

2'Y. Mizuno and Y. Ohmura, J. Phys. Soc. Japan 22, 445 (1967).



