2308

2y, L. Goldanskii, E. F. Makarov, I. P. Suzdalev,
and I, A, Vinogradov, Zh. Eksperim. i Teor. Fiz. 54,
78 (1968) [Soviet Phys. JETP 27, 44 (1968)].

M. Blume, Phys. Rev. Letters 14, 96 (1965).

4G, K. Wertheim, Mossbauer Effect: Principles and
Applications (Academic, New York, 1964), p. 42.

51, R. Walker, G. K. Wertheim, and V. Jaccarino,
Phys. Rev. Letters 6, 98 (1961).

18R, V. Pound, G. B. Benedek, and R. Drever, Phys.

T. E. SHARON AND C. C. TSUEI

)

Rev. Letters 7, 405 (1961).

1"c, K. Edge, R. Ingalls, P. Debrunner, H. C,
Drickamer, and H. Frauenfelder, Phys. Rev. 138,
729 (1965).

8p, N. Pipkorn, C. K. Edge, P. Debrunner, G. de
Pasquali, H. G. Drickamer, and H. Frauenfelder,
Phys. Rev. 135, 1604 (1964).

G, K. Wertheim, V. Jaccarino, J. H. Wernick, and
D. N. E. Buchanan, Phys. Rev. Letters 12, 24 (1964).

1 OCTOBER 1970

PHYSICAL REVIEW B

VOLUME 2, NUMBER 7

Microwave-Optical Double Resonance of the Metastable
4154 Level of Eu?* in the Fluorite Lattices

L. L. Chase*
Bell Telephone Labovatovies, Murvay Hill, New Jersey 07974
(Received 4 May 1970)

The results of an electron-spin-resonance investigation of the metastable 4f%5d level of
Eu®* in CaF,, SrF,, and BaF, are presented. The experiments utilized the intense fluores-
cence from the lowest-lying T'g(4f 654) level of Eu®* to the 887 1o(4f ") ground state for the opti-
cal detection of resonance transitions in the excited state. The magnitudes of the Zeeman
and hyperfine splittings for the excited state are consistent with the model of a large crystal-
field splitting for the 5d electron and a considerably smaller coupling of this electron to the
4% configuration. The large average g value of 3.80 for this level can be explained by an ef-
fective exchange coupling between the 54 spin and the 4f 6(7F,,) spin component if this coupling
is comparable to the 400~cm™! spin-orbit coupling parameter for the 7F, multiplets., The
anomalous line shapes of the resonance spectrum can be interpreted on the basis of a dynam-
ical Jahn-Teller distortion of the e, orbital of the 5d electron. A singlet tunneling level as-
sociated with the Jahn-Teller effect is estimated to be at about 10 cm™ above the orbital dou-
blet I'g level in both SrF, and CaF, on the basis of the line shapes observed in the resonance
spectrum., Previously unidentified optical transitions to these levels have been observed by
other workers, who also measured the splitting of the I'y level by uniaxial strains and the
strain coupling of the singlet tunneling level to the I'g level. These piezo-optic data are in
quantitative agreement with the model of a dynamical Jahn-Teller interaction for the observed
levels. The nature of the fluorescence spectrum of Eu?* in BaF, is basically different from
that observed for Eu®* in CaF, or SrF,. However, an optically detected resonance spectrum

identical to that of CaF, or SrF, has been observed for Eu?* in BaF,.

I. INTRODUCTION

The divalent configurations of the lanthanide ele-
ments with incomplete 4f shells all have strong
optical absorptions in crystalline environments,
beginning in the visible region of the spectrum and
extending into the ultraviolet.! The absorption re-
sults from the electric dipole allowed 41"~ 4f 154
transitions, which are considerably phonon broad-
ened in crystalline spectra as a result of the large
crystal-field coupling of the 5d electron. The elec-
tron-lattice coupling in many crystals is of such a
magnitude that sharp direct transitions as well as
vibrational satellites and many-phonon bands are
simultaneously observed in these spectra. This
property has led to much experimental activity
directed toward the understanding of the electronic
structure and crystalline-field interactions of the

4f"154 configurations. A large portion of this work
has been done using the fluorite lattices CaF,,
SrF,, and BaF, as hosts for the RE?* jons because
most elements of this series are relatively stable
in these crystals.

We report here on the results of an electron-spin-
resonance (ESR) investigation of the lowest 4f%5d
level of the Eu®* ion in these lattices. Our work
supports the model of a crystal-field splitting for
the 5d electron, which is considerably larger than
the combined effects of the Coulomb coupling of this
electron to the 4f® “core” electrons and spin-orbit
coupling. In addition, evidence is found for the
existence of a dynamical Jahn-Teller distortion of
the orbitally degenerate e, component of the 5d
electron. The effects of the Jahn-Teller coupling
on the ESR spectraof this excited state have features
in common with the recently reported spectra of
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other ions subject to dynamical Jahn-Teller inter-
actions. We discuss the use of the line shape of the
ESR spectrum to deduce the sign and magnitude of
the Jahn-Teller distortion, and show that certain
details of previous optical investigations of the

Eu®* jon can be explained as vibronic structure
resulting from the Jahn-Teller distortion.

II. Eu?* ION in CaF,, StF,, and BaF,

Numerous optical studies have been made on
CaF,: Eu?*. The ground state is the cubic-field
split °S; ,, level of the 47" configuration. The near-
est excited levels are those of 4f%d, which leads
to strong electric-dipole transitions with a sharp
resonance line at 4130 A and numerous lines and
bands extending into the ultraviolet. In fluorescence
at liquid-helium temperatures, the 4130-A line is
accompanied by vibronic sidebands extending to
lower energies and peaking at about 4250 A. The
fluorescence spectrum of a 0.05% Eu®* sample at
1.5 °K is shown in Fig. 1. It is evident that most
of the fluorescence intensity is in the vibronic band,
and the resonance line accounts for only about 2%
of the total.

Measurements of the splitting of the 4130-A line
by applied stress? and magnetic field** show that
the fluorescing level is a I'y quartet. Two basically
different models have been proposed to account for
the behavior of the 47®5d configuration. In one
model, the level structure is considered as arising
from the strong Coulomb coupling of the 54 electron
to the 4f° configuration to form *P; multiplets,
which are weakly split by tens of cm™ in the cubic
crystalline field. The evidence advanced in favor
of this interpretation is the observed proportional-
ity between the measured Faraday rotation® at
frequencies far removed from the strong 4f -5d
transitions and the magnetization of the °S;,, ground
state. This proportionality is only a necessary
and not a sufficient condition that crystalline-field
splittings are small in comparison with spin-orbit
multiplet splittings. If the energy distributions of
the oscillator strengths associated with transitions

4£85d (Ty) —=4f7(®s, ;)
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FIG. 1. Fluorescence spectrum of Eu®* in CaF, at
4.2°K.

2309

tz [ ——

7
Fe

B
(¢

10 Dq~15000 cm™!

5000cm

7,
F3

7,
Fa

7
Fi

7
o e

48 5d

FIG. 2. Energy levels of the 4f 8 and 5d configurations
and their splittings due to spin-orbit coupling and cubic
crystal field, respectively.

from the various Zeeman levels of ®S, /2 are nearly
the same, this proportionality will still exist and
it is not clear that this will not be approximately
true if the 5d electron undergoes a large crystal-
field splitting.

There is, on the other hand, considerable evi-
dence that the 54 electron is strongly split in the
cubic field into its ¢, and e, orbitals, the e, being
lowest. In all the spectra of 4f"'5d configurations,
a pair of absorption bands is observed® separated
by 10000-20000 cm™. This energy is most likely
the 10 Dgq splitting of the 5d electron. Estimates
of the total electrostatic coupling between the 54
electron and the 4f® configuration are the order of
7000 cm™, ! and the fraction of this coupling which
would be effective in reducing the crystal-field
splitting of the 5d electron might be considerably
smaller than this. It is therefore natural to assume
that the general scheme of the energy levels under
these conditions is that shown in Fig. 2. The 'F
- 7F6 spin-orbit multiplets of the 4f 8 core levels are
coupled to the e and ¢, orbitals to produce a lowest-
lying I'y quartet, which should have many properties
similar to those of a %E level in cubic symmetry.

In fact, it has been noted that the behavior of the
level when the lattice is subjected to external stress
does conform to this description. However, be-
cause of the close spacing of the spin-orbit multi-
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plets in the 47® configuration, its nominally J=0
ground state may be expected to be appreciably
polarized in an external magnetic field by a cou-
pling to the 5d electron spin of only a few hundred

cm™. This will also seriously perturb the spacings

of the multiplets, and will obviously have an ap-
preciable influence on the magnetic properties of
the metastable I'g level.

The absorption and fluorescence spectra of the
Eu®* ion in SrF, are quite similar in character to

those in CaF,, except that the absorption and emis-

sion bands are shifted to higher energies. The
absorption spectrum of BaF,: Eu?* has no zero-
phonon transitions or other sharp structure as is
found in CaF, and SrF,. Furthermore, the Eu*
fluorescence in this host does not appear to origi-
nate from the 4f%5d configuration because of the
extremely large apparent Stokes shift of the fluo-
rescence band, ” which is several thousand cm™!
wide, structureless, and peaks at 5500-6000 A.
This fluorescence also disappears rapidly above
77 °K, and has a lifetime at 4. 2 °K of about 10™*
sec, compared with < 10 sec for the blue fluore-
scence in CaF, and SrF,. It has been proposed’
that these effects are due to an emitting level de-
rived from the 47%6s configuration of the Eu®* ion.
However, the quenching of the fluorescence above
77 °K suggests a thermal activation into a conduc-
tion-band state of the BaF, lattice. If this is true,
the emitting state may be a trapped conduction

electron at the resulting Eu® site, which is similar

to the case of trivalent rare-earth dopants in
semiconducting CdF,.® The possibility that the
47%5d levels may be in or above a conduction band
in BaF, has been mentioned by Trautweiler ef al. s

III. PARAMAGNETIC RESONANCE RESULTS

Electron-spin-resonance transitions were detect-
ed by the method of observing a circular polariza-
tion component of the entire fluorescent spectrum,
resonance line plus vibronics, along the applied
magnetic field. °*!! Experiments were performed
at 9.5 and 24 GHz. The data at 24 GHz had some-
what poorer signal to noise because of the diffi-
culty in saturating the resonances with the avail-
able power of 250 mW. However, because of the
large hyperfine splitting found for this level the
24-GHz results are far simpler to analyze. The
general character of the resonances is similar to
that of the ®E level of Cr® and V? in MgO, !* but
in some respects it also resembles the spectra of
MgO: Cu®* ' and CaF,: Sc*, '* which have been
characterized as having a moderate Jahn-Teller
coupling and sizable tunneling splittings for the
distorted configurations. We will return to this
point later.

The resonance spectrum of Eu®* in CaF, is sum-
marized in Fig. 3. These traces were obtained
with the sample immersed in liquid helium at
1.5 °K. The 3660-A line of a 200-W high-pressure
mercury-arc lamp was used to excite the Eu?*
fluorescence. A circular polarizer mounted inside
the glass Dewar vessel and an ultraviolet cutoff
filter preceded the S-20 photomultiplier which was
used to detect the fluorescence. The microwaves
incident on the cavity were chopped at 1 kHz, and
the circularly polarized fluorescence propagating
parallel to the external field was synchronously
detected at this frequency. The fluorescence in-
tensity was large enough to produce 10 primary
photoelectrons per second and led to a shot noise-
limited sensitivity to signals about 107 of the total
fluorescence. The signals in Fig. 3(a) result from
a steady-state excited Eu?* population of about 10°.

In Fig. 3(a) spectra are shown for a magnetic
field orientation along the crystalline [111] axis
where the hyperfine components of the Eu'*! and
Eu'®® isotopes, both having a nuclear spin I =5 and
approximately equal abundance, are clearly re-
solved. As the field is rotated in a {110} plane,
each line splits into two asymmetrically shaped
components with sharp outside shoulders. This

}
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FIG. 3., Optically detected ESR signals for the meta-
stable I’y level of Eu? in CaF,. The six hyperfine lines
of Eu!®® are marked in (a). The remaining five lines and
the line overlapping with an Eul’® component are those of
Eu'®, Field orientations are (a) along [111], (b) 15°
from [111] toward a (110) axis.
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effect is demonstrated in Fig. 3(b) in which the
applied field is at 15° from [111] toward a {(100)
axis in the {110} plane. Only one of these shoulders
remains observable for field orientations much
further from [111]. This effect is discussed below.

At both 9.5 and 24 GHz, it was impossible to
completely saturate the observed resonances with
even 700 mW of microwave power incident on the
cavity. Using the estimated cavity @, the rotating
field component at the sample is about 0.5 G. From
this an upper limit on the 7,7, product is given by
g2B2HAT T, << 1 or T,T»<3x107® sec. As this esti-
mate is exceedingly low, T, has been measured
using pulse saturation at 9. 50 GHz and direct ob-
servation of the recovery of the circular polariza-
tion signal using a sampling oscilloscope in series
with a multichannel signal averager. The spin-po-
larization decay is exponential and gives 7,=3.6
X107 sec at 1.5°K. The decay rate is roughly
linear in 7 up to 3 °K.

The shapes and anisotropy of the observed reso-
nances are characteristic of those expected for an
e, orbital (or any °E level in a cubic field) if ran-
dom-strain splittings of the orbital degeneracy are
considered. This situation has been encountered
previously in the 2E level of Cr® in MgO ! and has
also been discussed recently by Ham.* If the ran-
dom-strain splittings are neglected, the magnetic
and hyperfine splittings of such a level are given by

E=gBH+Am;,
g=81%qg:[1 - 3(Pm® + 1%® + m*?)] /3, 1)
A=A+ qA 1 - 3(Bm? + 1%n® + m®n®)] Y%,

where H is the applied magnetic field whose orien-
tation is given by the direction cosines (I, m, n)
relative to the cube axes, m; is the component of
nuclear spin along H, B is the Bohr magneton, and
q is an orbital reduction factor resulting from vi-
bronic coupling with the E, vibrational modes of
the fluorine ligands. Equation (1) predicts two
resonances for each hyperfine component, symmet-
rically split about their average g value of g,.

This expression is an approximation to first order
in g»/gy and A,/A,. It is the terms in g, and A2
that split the orbital degeneracy of the level in ab-
sence of strain splittings. For the I'y level of Eu?,
this magnetic splitting is never greater than 0.15
cm™ at a resonance frequency of 24 GHz. However,
the random-strain splitting of this degeneracy is,
on the average, several cm™ and thus has a great
influence on the resonance spectra. The random
strains at a site are decomposed into ¢, and e,
components where e,~ (222 —x% —y?) and e~ (¥* =9%)
give their transformation properties. An angle ¢
is defined for each lattice site by e./e,=tang, and
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it is assumed that the strain splitting of the orbital
components at each lattice site is much greater
than g,BH +A,m .

The resulting magnetic splitting of these strain-
stabilized orbitals is then given by

g=g1+qgs[cosp(3n® —1)+ V3 sing (12 -m?)], (2)

with an analogous expression for A. For a random-
strain distribution, ¢ takes on values from 0 to 27
with equal probability, and the resulting resonance
spectrum resembles a “powder pattern” with sharp
boundaries at the positions of the zero-strain reso-
nance components given by Eq. (2).

The observed resonances in Fig. (3) can be fit
to such a spectrum for g, =3.68+0.01, gqg,
=0.40+0.02, A,=2360+30 MHz, and A,=420+80
MHz. These results have been corrected for sec-
ond-order hyperfine shifts which are fairly large
even at 24 GHz. The magnetic splitting of this level
has also been measured using the Zeeman effect of
the 4130-A zero-phonon transition.®* The results
were fit to the more accurate expression?®

8= 5y +36%) x y{ 12 +30%[1 +m* +n* = 3]} (3)

The most recent Zeeman results? give 62=4.11
+0,04 and ¥*=0.125+0.01. The values obtained
in this work are 6°=4,43+0.02 and 7*=0.045
+0.005,

The above values of gy, g5, Ay, and A, are ob-
viously considerably different from those expected
for a single 5d(e,) orbital for which g,~2.1, g,
~0.1, and A, ~ 100 MHz would be more reasonable, *¢
However, it is not difficult to justify these results
using a model in which an e, orbital of a 5d electron
interacts weakly (in comparison with its crystal-
field splitting) with a 4f® “core” having a J=0
ground state. We assume a simple isotropic ex-
change coupling between the 54 and 4f spins

)= 23-ﬁeu -5,

where §; is the total spin of the "F; core levels. A
computer diagonalization!? of the five lowest "F
multiplets in Fig. 2 has given the wave function for
the ground state of 4f® subject to this exchange cou-
pling. The matrix element (L,+2S,) calculated
from this function is shown in Fig. 4 as a function
of BH,qe/X where A~400 em is the spin-orbit
parameter for 4/%. The measured g; can be fit by
values of (L, +2S,) equal to 3 (g, +2)= 2. 84, opposing
the 5d spin moment, and by 3 (g, — 2)=0. 84, if it
adds to the 54 spin moment. The additive case can
be ruled out on two counts: (i) The coupling in this
case is BHg, ~ 32 =100cm™, which seems too

small, and (ii) the hyperfine constant estimated for
this situation is about 450 MHz, compared with the
measured 2400 MHz. It is encouraging that{L,



2312
BHepe/ X
(o] 0.2 0.4 0.6 0.8 1.0 1.2 14
(o] T T T T T T 1
-l
A
N
1)
o~
+
N
-
v
_2 -
-3

FIG. 4. The matrix element (L,+2S,) for the ground
state of the 47¢ configuration subject to an effective ex-
change field. Crystal-field splittings of the 4f6 levels
are neglected. Positive values are in the direction of
Hy; in the text. The observed g=3.68 can be fit by val-
ues of (L,+2S,) of $(gy+2)=2.84 and 3(gy —2) =0.84,

+2S,) approaches 3 (g, +2) for BH,;; 2}, and in-
clusion of the "F; and "F levels may make the
convergence more rapid. However, such a simple
model of the 4f-5d coupling does not warrant further
refinement, This result suggests that the 47® core
levels of the 4f %5d configuration are appreciably
altered by the f-d coupling and the many apparently
successful attempts®® to fit observed structures

in the absorption spectrum of CaF,: Eu* to the spin-
orbit multiplets of an Eu® core are fortuitous.
Their success may result from assignment of vi-
bronic features to electronic levels.

An alternative explanation of the large g factor
and hyperfine coupling in the I'g level is the ad-
mixture of another nearby configuration such as 47”7
into 47 %5d by lattice vibrational modes. Such a
mechanism has been proposed!® to explain anoma-
lous vibronic spectra’® for the Eu® 47"(%S,,,)~ 47 °5d
transitions in alkali-halide lattices. To check on
this possibility, we have examined the ESR spectra
of the I'y level in SrF,: Eu® and BaF,: Eu®* at 24
GHz. The resonances in these lattices are much
more difficult to saturate, and the signals are
barely detectable even with the magnetic field along
the[111]direction. For this reason, no detailed
data were obtained for other field orientiations. The
interesting result in these cases is that the g values
and hyperfine-coupling constants for H along [111]
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are identical, within experimental error, to those
of CaF,:Eu®. This is interesting because the
position of the I'g level has shifted to higher energy
in SrF, by about 700 cm™, and the resonances in
BaF, were observed using the anomalous yellow
fluorescence discussed above. No other resonances
were observed in BaF, except for the ground-state
resonances observed via the Faraday rotation of

the yellow emission band. Thus, the ESR experi-
ments yield no clue as to the nature of the emitting
level in BaF,: Eu?*, It is probable that the obser-
vation of resonances characteristic of the 47 ®5d
level using this yellow fluorescence is indicative of
a partial conservation of spin polarization in the
radiationless decay from the 4f%5d level to the emit-
ting level.

If vibrational coupling of a nearby level of 4f" or
47 ®s is responsible for the large g shift and hyper-
fine interaction, it would be expected to yield at
least slightly different spectra in SrF,, BaF,, and
CaF, since the host-induced shifts of 4f " and 4f %6s
levels is unlikely to be identical to that of the 4f°5d
levels. It appears most probable that the magnetic
properties of the I'y level are a result of the 4f-5d
interaction discussed above.

An interesting effect, noticed in the I'y resonance
spectrum for magnetic field orientations far from
[111], is summarized in Fig. 5 for large rotations
toward [001] and [110] in a {110} plane. An asym-
metric broadening of the split resonance compo-

(a)

(b)
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FIG. 5. Optically detected resonance spectra for Eu®*
in CaF, with the applied magnetic field at 25° from the
[111] direction toward (a) [110] and (b) [001]. The broad-
ening referred to in the text is most observable in the
low-field components in (a) and the high-field compo-
nents in (b).
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nents occurs as H approaches [110]. The broadening
of these components is approximately proportional
to | Ag(8)BHy+A(8)m,)| to the first power. A(6) and
Ag(6) are the anisotropic components of the g value
and hyperfine constant [proportional to g, and 4,

in Eq. (1)]and 9 is measured from the [001] axis.
For a magnetic field orientation along [001], this
broadening is so severe that the affected compo-
nents cannot be detected at 24 GHz.

These effects can be correlated with the presence
of a nearby “tunneling” state associated with the
lattice coupling of the 5d electron, and Sec. IV
discusses this coupling and direct spectroscopic
evidence for the existence of such vibronic structure
for Eu®,

IV. VIBRONIC COUPLING IN 41654 CONFIGURATION

The Iy level of Eu?* is not an ideal case for the
study of vibronic interactions because of the com-
plications resulting from the 4f-5d coupling. How-
ever, it is unique in that the sharp optical transi-
tion to this level appears to have structure due to
the presence of a nearby Jahn-Teller tunneling
state. A vibronic level of this type appears to be
responsible for the unexplained observation by
Kaplyanskii and Przevuskii? of an energy level in
SrF,: Eu® lying 6.5 cm™ above the Iy level. The
optical transition to this level from the %S, /2 ground
state is apparently highly forbidden in comparison
with the transition to the I'y level. However, under
application of uniaxial strain to the sample, this
level shifts and anticrosses with the split compo-
nents of the I'y level. If the applied stress contains
a component of £ symmetry, this is accompanied
by a large increase in oscillator strength of the
forbidden transition and a corresponding decrease
in the oscillator strength of the %S, ;2= I'y component.
The form of this coupling to the I'g level is illus-
trated in Fig. 6, which is obtained from Fig. 4 of
Ref. 2. The shift of the nondegenerate level is
identical to that of the I'y level for both isotropic
and trigonal strain components. The authors of
Ref. 2 also report the existence of a similar level
in CaF,: Eu?* about 15 cm™ above the I'y level,
although no data are presented there because of
the weakness of the anticrossing and borrowed in-
tensity changes resulting from the greater separa-
tion of the levels.

The anticrossing and the changes of intensity of
the electronic transition to this nearby level imply
with reasonable certainty that it and the I'g level
are energy levels of the same ion. If this level is
derived from another configuration of Eu?* such as
4" or 47 %s, it is again difficult to understand why
it should remain nearly coincident with the I'g level
in both CaF; and SrF, when the I'g level has shifted
by over 700 cm™ relative to the ground state. If
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FIG. 6. Stress splitting and interaction of the E and
A levels in CaF, obtained from Ref. 2. Full lines cor-
respond to stress along [001], dotted lines to stress
along [110]. Stress along a (111) axis leads to a uni-
form shift of E and A to lower frequencies with no split-
ting or interaction.

it is one of the higher-lying states of 4f°%5d, it is
not clear why it should not also have an allowed
electric-dipole transition to the ground state. We
give here an alternative explanation for the exis-
tence of this level?® which can explain all the ob-
served features of the optical spectra and the se-
lective broadening of the ESR components of the I'y
level.

Since the e orbital of the 5d electron is orbitally
degenerate, it will interact with E-symmetry vi-
brational modes of the eight neighboring fluorine
ions and this interaction leads to the Jahn-Teller
effect in its many forms. Longuet-Higgins et al.?
have examined the vibronic energy-level scheme
for the case of linear Jahn-Teller coupling in a
doubly degenerate level. This assumes an electron-
lattice coupling of the form

1
3’ = om 2 (W2wPQ2+ P2) 1 20, V14Qs 4)

where @, is a coordinate of an E-symmetry vibra-
tion of the ligands and u, w, and P, are its corre-
sponding reduced mass, frequency, andgeneralized
momentum. Vj, is the linear vibrational coupling
coefficient. If plotted as a function of @,, this ex-
pression represents an effective potential surface
on which the nuclei move and it is the well-known
“Mexican hat”,** shown in Fig. 7. In this figure,
@, and Q; are the degenerate E modes of the ligands
transforming as

@~ (-7, @~ (322-7?) . (5)

The energy difference between the @;=0 configura-
tion and the minimum in the potential surface is
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FIG. 7. Vibrational potential-energy surface result-
ing from the coupling of the e, orbital of the 5d electron
to the E-symmetry vibrational coordinates, @,=@, and
Q3= Q. of the text.

Er=V%,/2uw. If this is much larger than the
zero-point vibrational energy of the E mode, the
nuclear motion is confined at low temperatures to
the lower portion of the potential surface such that

Q2=posing, Qy=pycosy, (6)
for po= 1 Vil /e,

Longuet-Higgins et al.?' have shown that the nu-
clear Hamiltonian in this case is approximately
separable into vibrational motion in p about the
mean value py and rotational motion in ¢. They
have obtained the eigenvalues for this problem and
calculated matrix elements for electronic transi-
tions to and from another nondegenerate electronic
level. The nuclear wave functions in this strong
coupling case are products of the form u,(p)e'¥®’
where the two lowest-lying energy levels have
j=t3andj=x35. The lowerj =+ 5 level transforms
as Ein O,andj=+% as A,+A, states. These levels
are separated by the amount!*

AEZ hiw[l - 2B /Aw] if Egp<hiw ,
(7)

AE = (Fw)?/2E 4, if Egp>»hw.

For Ej;p > 7iw, then, these levels can be quite close
in comparison with Zw. Child and Longuet- Higgins?
and later Obrien? have included the effects of non-
linear electron-lattice coupling terms and anhar-
monic effects in Eq. (4), which introduce terms of
the form

50" =A3Q5(3Q5 - @3)+ V(@5 - Q3+ 2Q,Qs], (8)
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where A; represents the first-order anharmonicity
of the E, vibration and V, results from nonlinear
coupling of the e, orbital to the E, vibration. The
effect of these terms is to introduce ¢-dependent
“warping” in the surface of Fig. 7 with minima
corresponding to tetragonal distortions along the
cube axes. This warping is represented by an
effective ionic potential for the fluorine ligands of
the form

3¢"=(Vyp? +A30°% cos3¢e (9)

in the notation of Eq. (6).

This is accompanied by a mixing of the various
rotational levels so that j modulo 3 is a good
quantum number. These added terms also couple
the two sheets of the potential surface in Fig. 7,
an effect which is ignored here because it does not
alter the qualitative features of the low-lying levels.
These levels then correspond to those of a hindered
rotator. The ground state remains a vibronically
degenerate E level, but the J=+3 levels split into
components transforming as A; and A,. Which of
these components lies lower is determined by the
sign of the distortion stabilized by the terms in Eq.
(9). In any case, the lower A level and E become
degenerate as the combined effects of A; and V, in
Eq. (9) increase. If the warping minima become
substantially larger than the E, vibrational mode
energy, the model of a distortion tunneling between
equivalent cube-axis minima becomes reasonable.
The vibronic wave functions in this case are

T(A)=(3- 67’)-1 /2(X Lo+ X Ty +X L),
Vo(E) = (6+6y)1/2(2x ¥, — X ¥e— XyT,)
\IIG(E) =(2+ 27)-1 /Z(qu’x" Xy‘pv),

where ¥, is a vibrational wave function for the com-
plex localized in a distortion along the x axis, ¥,
is the e, orbital stabilized by this distortion, and
y=(xx IX,), etc. In eightfold coordination, if the
stable distortion is an elongation, A, lies lower
and ¥,~ (2v2-7%). I a compression is stabilized,
A, lies lower and ¥, = (y%- 2%), with obvious per-
mutations for ¥, and ¥,. The residual splitting
between E and the lowest A level is denoted 3T,
and the 6 and € orbitals are referred to the z axis
[o01].

The first correlation between the A level in Eq.
(12) and the additional level observed in Ref. 2 is
that transitions to either A; or A, are forbidden at
low temperatures in the absence of symmetry-low-
ering perturbations. This results from the fact
that the A, and A, levels are orthogonal to the ground
state of the original E, vibrational mode, which is
occupied in the 887/2 ground state of Eu®* at low
temperatures. This rule holds rigorously for ar-
bitrary values of A; and V, in Eq. (9).

(10)
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If a uniaxial stress is applied to the crystal, the
splitting of the E level and its coupling to A can be
expressed in terms of the single reduced matrix
element V(E). The results are significantly differ-
ent depending on whether A, or A, lies lowest and
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whether the tunneling model of Eq. (10) or a nearly
free rotational model is correct for the vibronic
levels. We summarize these results with the

strain-tunneling matrix expressed in the notation
of Ham':

(11)

V(E) [-qe(E)V(E)
Y (E) | qe(E)VIE) ge(E,)
WA) | [re(Ey)+7'e(E)]VE) [r'e(E,) +7e(E,)] V(E) 3T

The diagonal elements of A; stress have been
deleted, and the effects of T, (shear) stresses
should be zero for an e, orbital. We have used the
normalized strain bases

e(E,) = V3 (€xx— €yy).

In the tunneling limit, where the distorted conﬁgura-
tions are well localized along the cube axes, 7, v
and ¢ may be calculated from the wave functions

1n Eq. (10). Assummg y<<1, the results are (a)
r'=0, r=v24q,q~3if A, is lowest and (b) » '=vV2g,
r=0, g~ % if A, is lowest. In the opposite limit
where the nonlinear terms are negligible compared
to 7w, the wave functions are also s1mple and the
above cases become (a) 7'=0, =g, g~3, and (b)
r'=q, =0, ¢~3%. The orbital reduction factor ¢

is identical to that in Eq. (1) for the anisotropic
Zeeman splitting. Kaplyanskii and Przevuskii’®

have interpreted the results of their experiment on
SrF,: Eu®* in terms of a phenomenological Hamil-
tonian resembling Eq. (11), although the strain ex-
periment is not capable of determining the symmetry
of the A level. We assume it is an A, level as has

e(Eg) = 2€,,— €gx— €y,

been proposed for the e, orbital of Sc**(3d") in CaF,,"

so that »'#0. The most interesting result of the
strain experiment is

/@) expt =D/B = 1. 40, (12)

where D and B are parameters that were obtained
in Ref. 2 from fits to the strain data. The scatter
in the published data suggests anaccuracy of 10% or
so. This is in good agreement with the value 7 "/q
=vV?2 expected for the tunneling model. Similar
measurements were not reported® for the CaF,
lattice, presumably because 3T is much larger
and the strain coupling to the E level is difficult to
observe.

We now turn to the explanation of the orientational-
dependent linewidths of the ESR spectrum in CaF,
and show how these may be explained by the ex1s-
tence of such a tunneling level at about 15 cm™ in
this case, as observed in Ref. 2. When the applied
magnetic field lies in a {110} plane, the vibronic

functions which diagonalize the Zeeman Hamiltonian
are ¥,(E) and ¥, (E) in % (10) where ¥, is quantized
along the (001) axis lying in the {110} plane. When
the resonances are “washed out” by random strain,
the sharp edges of the spectrum correspond to reso-
nance transitions at those sites having a predomi-
nantly E, symmetry strain quantized along [001],
since this is diagonal in ¥,(E) and ¥ (E).

There exist matrix elements of the anisotropic
components of the Zeeman Hamiltonian coupling
the states of the E level to the tunneling level. It
is the combination of the random-strain coupling
and the Zeeman coupling to the tunneling level in
this case which broadens the resonance components
selectively as illustrated in Fig. 5.

The relevant perturbation expression is of the
type

50" =(Uy(E) |e(Eq) | A IKE(A)| 3| Te(E)) /3T, (13)

where e(E,) is the (predominant) component of ran-
dom strain at a site whose resonances appear at the
sharp edges of the spectrum and 3¢, is the Zeeman
Hamiltonian. The corresponding expression in-
volving the orbital state ¥,(E) is zero because e(E,)
does not couple this state to ¥(4,) as is evident
from the above strain-tunneling matrix. This
explains why the broadening affects only one orbital
component of the resonance spectrum if it is as-
sumed that the ¥,(E) resonance is at the high-field
edge for H along [001] and at the low-field edge
when H is along [110]. I the overlap factor y is
assumed negligible compared with unity, this broad-
ening can be related approximately to the tunneling
splitting 3T by computing the matrix elements in
Eq. (11) and the result is
AH(6)~3[Ag(0)BH +A4(0)] /3128, (14)
where § is the mean random-strain splitting of the
E level and Ag(6) and A,(6) are the measured aniso-
tropic components of the magnetic splitting given
by Egs. (2) and (3). We have performed a more
accurate analysis of these effects by computer
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diagonalization of Eq. (11) assuming a Gaussian
strain distribution P(5) « exp (~ 62/262) and a uni-
form probability distribution for @ =tan™(e./e,),
0s ® <27, The magnetic splittings of the resulting
sets of three Kramers doublets were then calculated
as a perturbation assuming y=0. Matrix elements
of the magnetic interaction coupling different dou-
blets were ignored since AgBH <&, The line shapes
observed for the E level of Eu® in CaF, were then
fitted by the ratio 3/ 3r=0.17. 5 may be estimated
in this case from the observed width of the optical
transition to the E level, which can be corrected
for coupling to A, strains using the data of Ref. 2.
This gives 6~3 cm™ and 3T'~18+4 cm™. This is
in good agreement with the stress-optical? obser-
vations of a level at 15 cm", and supports the con-
clusion that the optical experiments of Ref. 2 are
indeed explained in terms of tunneling excitations.

The calculated line shapes for this strain-tun-
neling competition show effects which may be of
interest to other cases of ESR spectra of Jahn-
Teller distorted ions.

The results are summarized in Fig. 8 which

RESONANCE INTENSITY (ARBITRARY UNITS)

___________ i

- L
R, sty g i

FIG. 8. ESR line shapes calculated for an external
field applied along a (001) axis for various ratios of
random-strain splitting to tunneling splitting (5/3T).
(a) §/3T=0, (b) §/3T'=0.01, (c) 5/3r=0.1, (d) 5/3T
=0.5, (e) 6/3T'=1.0, () 5/37=10.0. H,=hv/(gy
+g9)B, Hy=hv/(g,+3g,)B, and Hy=hv/(g| —}5g5)B.
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gives the resonance line shapes as a function of
§/3T, the ratio of the mean strain splitting to the
tunneling splitting. Thermalization at a tempera-
ture £T=0. 55 was assumed which accounts for the
absence of the isotropic line at g, for the singlet
excited level in the region 3I'> 5, It is apparent
from these curves that the broadening effects which
we are observing in the E level of Eu?* are simply
the beginning of the random-strain-induced transi-
tion to a “static” Jahn-Teller spectrum. When
5> 3T, the broadened edge of the resonance spec-
trum becomes sharp again at a new position char-
acteristic of an axial spectrum with g,=g, g,
g.=8, ¥ 3g,, depending on the sign of the stabilized
distortion. For a field orientation along [110],
curves similar to those of Fig. 8 are obtained with
the high-field component broadened and shifted, as
expected. At field orientations not in the (110)
plane, both edges of the tunneling resonances
broaden as 5/3T increases, and the spectrum con-
denses into three sharp lines characteristic of the
three stable axial distortions. It is apparent that
when dealing with spectra of Jahn-Teller perturbed
levels, the detailed line shape, much of which is
lost by field modulation techniques, is of great im-
portance in determining the parameters of the Jahn-
Teller coupling. In particular, we have noticed
that (1) in the limit 3T > §, the relative heights of
the “powder pattern” peaks are sensitive to 3T,
even when 3I'=1005. (2) In the opposite limit 3T
<< § the relative heights of the parallel and perpen-
dicular lines in Fig. 7(f) deviate by several percent
from the expected ratio of 2:1 for §=300I'. (This
ratio must also be corrected to account for the dif-
ferent transition moments.) Although both these
effects are influenced by the ratio of residual line-
width AH to the total magnetic anisotropy, the con-
ditions used in these computations were 3 g,8H
~100AH. Such sharp lines are observed in the stat-
ic spectra of Cu?* in deuterated water crystals, for
which attempts to determine 3T by spin-echo tech-
niques led to ambiguous results.?* It is possible
that careful measurements of relative resonance
intensities will resolve the problem. As an aid in
planning such experiments, the computer-calculated
ratio of intensities of the “parallel” and “perpen-
dicular” resonance lines is plotted in Fig. 9 as a
function of 3I'vV6. Again, we note that off-diagonal
perturbations of the Zeeman Hamiltonian have been
neglected in this calculation and will have to be con-
sidered when they become comparable with 3T,
Ham has proposed'* that uniaxial stress-splitting
measurements on the E level can be used to deduce
the strength of the vibronic coupling. He calculated
the E, mode distortion amplitude of the nearest
neighbors in sixfold or eightfold coordination in
terms of the macroscopic E, symmetry strains
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FIG. 9. Ratio of the intensities of the resonances due
to complexes distorted along axes perpendicular and
parallel to the applied magnetic field (which is assumed
to be along a cube axis) as a function of 3r/6.

used in Eq. (11). For the case of eightfold coordi-
nation, the results are

Vip=3V(E)/4R, E;=9[V(E)}/32uw?R?, (15)

where Vy, is the linear strain coefficient in Eq. (4),
R is the ion-ligand separation, and V(E) is the re-
duced matrix element in Eq. (4). From the strain
data,? we obtain ¢V(E)=1. 37 X10* cm~! for SrF,.
We have used the 4. 2 °K elastic constants mea-
sured for CaF, and SrF, to obtain these results.
The existence of excited vibronic levels at about

10 cm-! is sufficient justification to assume g= %

to obtain V(E).

It is clear frcin Egs. (7) and (15) that the position
of the first excited level in the limit E; ;> 7w is
proportional to (7w)* where w is an effective fre-
quency for the mode or modes to which the e, orbit-
al couples. Thus, the choice of an effective mode
frequency is rather critical, especially in this case
where a sizable Stokes shift in absorption and
fluorescence could be accompanied by a change in
force constants for E, distortions in the excited
state. A point-charge calculation has recently
yielded a set of dispersion curves and density of
states for CaF,.? The lowest-frequency peak in
the state density which appears to have a substan-
tial E, component at the calcium site is at about
250 cm~!. Another peak at 175 cm-! would seem
to have little E, component since it arises from TO
and TA modes having odd parity in this frequency
region. The use of a 250-cm-! effective frequency
does give a reasonable agreement with the position
of the tunneling levels in CaF; and SrF,. To illus-
trate this and the sensitivity of the spacing of the
E and A levels to the mode frequency, we have
summarized in Table I the values of F;; calculated
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from Eq. (15), the spacing AE of E and A for linear
coupling only, and the magnitude of 3¢’ estimated
from O’Brien’s curves® to reproduce the measured
spacing of 3I'=6.8 cm™! for SrF, as a function of
effective mode frequency. Since we know from the
form of the strain splitting that the SrF,: Eu®* is
near the tunneling limit, we must have (V;03 + A,02)
> 37w, On this basis, a 7w of between 250 and

300 cm~! seems most reasonable since higher fre-
quencies lead to nonlinear effects comparable with
E;. The relatively large difference in 3I" for
CaF, and SrF, can easily arise from a slight in-
crease in w as is evident from Table I. The only
conclusion which can be reached regarding the use
of uniaxial strain measurements to estimate the
strength of the Jahn-Teller coupling is that it leads
to reasonable results in this case.

V. SUMMARY AND CONCLUSIONS

The results of our ESR investigation of the emit-
ting level of Eu®* support the model of a large crys-
tal-field splitting of the 5d electron and a 41 8-5d
exchange coupling which is at least comparable with
the spin-orbit coupling parameter A= 400 ecm™! for
the "F; multiplets of 47%. The resonance data and
the results of the stress-optical experiments of
Ref. 2 are consistent with a dynamical Jahn-Teller
distortion of the e, orbital of the 5d electron with
Eyr~10°cm™, and the vibronic level at ~10 cm™?
above the E level in CaF,, and SrF, appears to
have vibronic wave functions characteristic of the
tunneling limit. Both of these conclusions are con-
sistent with the magnitude of the splitting of the F
level by applied uniaxial strain if it is assumed that
the E, distortions at an Eu®* site are characterized
by a single oscillator with a frequency near to that
of a density-of-states peak in the optic modes of
the host lattice.

The use of the detailed shapes of the ESR spectra
may have application to several other ions having
Jahn-Teller interactions. The sign of the distortion

TABLE I. Jahn-Teller coupling parameters obtained
from the measured uniaxial strain and tunneling split-
tings for the Ty level of Eu?* in SrF, for several E, vi-
bration frequencies. AE is the expected “rotational”
splitting of the j=+3 and j=+ states if V; and A, were
zero.

AE (For linear

w E;q coupling only) (Vo3 +Ay03)
(em™) (cm™) (cm™) (cm™)
150 3300 3.5 soe
200 1900 11 15
250 1200 26 80
300 700 75 ~350
350 620 100 >400
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stabilized by the nonlinear coupling terms in Eq.
(9) as well as an estimate of the position of the
nearest excited vibronic level can be obtained from
these shapes. Of greater utility to the study of
Jahn-Teller distortions would be the effects of ap-
plied stress on the ESR spectrum. From studies
of relative intensity changes of the resonances of
the two vibronic components due to thermalization
at low temperatures, the stress coupling coefficient
can be obtained. Observation of the positions of
the resonances as a function of strain can then be
used to extract the position of the excited vibronic
level and its coupling to the ground state by applied
strain. No complete study of this type has been
done as yet.

The absence of any resonances characteristic
of the emitting level of Eu?* in the BaF; lattice is
puzzling. The observation of the 47%5d resonances
proves that the spin-lattice relaxation time in this

L. L.

CHASE 2

state is not too fast compared with the 10~%-sec
fluorescence lifetime that all spin polarization is
destroyed before emission occurs. It is also clear
that the selection rules for the radiative transition
to the ground state allow the detection of spin polar-
ization in the excited state. A possible explanation
would be that this emitting level has appreciable

6s character and the resulting contact hyperfine in-
teraction with the large Eu'®! and Eu!*® nuclear mo-
ments places these resonances outside the 24-GHz
frequency region for applied fields up to 17 kG, which
were employed in these experiments.
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