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The EPR spectrum of Sc>* has been observed in single crystals of BaF,, SrF,, and CaF, at
liquid-helium temperatures. At 1.2 K, the spectra were characterized by intense anisotropic hyperfine
patterns with partially resolved ligand hyperfine structure. The anisotropy, line shapes, and temperature
dependence of the anisotropic spectrum obtained for each host crystal were described within experimental
error by second-order solutions of an effective Hamiltonian for an isolated vibronic 2E state which is
split by large random internal strains. Coexisting with the anisotropic pattern was a weak nearly
isotropic hyperfine pattern with “conventional” line shapes. No ligand hyperfine structure was resolved
on this pattern. Intensity variations as a function of temperature imply that the nearly isotropic
structure results from averaging by rapid vibronic relaxation of a portion of the anisotropic pattern.
This interpretation is further strengthened by the observation of a small predicted anisotropy. Observed
deviations of effective Hamiltonian parameters from the values predicted by crystal-field theory imply
the existence of a weak-to-moderate vibronic interaction for these systems, i.e., a dynamic Jahn-Teller
effect. For d '-configuration ions in cubic symmetry, the effective Hamiltonian parameters are

summarized and discussed.

I. INTRODUCTION

The Jahn-Teller theorem® states that a symmet-
ric nonlinear polyatomic complex in an orbitally
degenerate electronic state is unstable with re-
spect to at least one asymmetric distortion which
removes the orbital degeneracy. For ions in sol-
ids, the fundamental mechanism for the Jahn-Tel-
ler effect is the Coulomb interaction which couples
the orbitally degenerate electronic states of the
complex to lattice vibrations.?'?

The early low-temperature electron-paramag-
netic-resonance (EPR) data for ions with orbital-~
doublet ground states were, in general, consistent
with the concept of a static Jahn-Teller effect.?3
Later, however, results were obtained at low tem-
peratures for Cu?* in MgO *-® and CaO" and for
Sc?* in CaF, and SrF,%®° which were not character-
istic of the static Jahn-Teller effect. These data
were initially interpreted using a strong vibronic
coupling model'®~*? with tunneling through potential
barriers separating the “static’” Jahn-Teller con-
figurations. Subsequently, Ham3'!® proposed a
new interpretation of the EPR spectra observed
for the CaF,:Sc?* and SrF,:Sc?* systems. He
demonstrated that these data did not necessarily
imply the large Jahn-Teller stabilization energies
previously assumed, and that, in fact, the experi-
mental parameters describing the Sc?* EPR data
implied weak vibronic coupling.

Somewhat later Chase,'*!® in his study of the

EPR spectrum observed from an excited orbital
doublet of Eu?* in CaF,, found that when the vibron-
ic coupling and random strain were sufficiently
strong, interaction with an excited vibronic singlet
could selectively broaden certain features of the
EPR spectrum. Chase suggested!* that this selec-
tive broadening might play a role in the CaF,: Sc?*
spectrum.

In our EPR investigations'®!® of La%*, Y?*, and
Sc? in SrCl,, we found that the spectra observed
for these systems were adequately described by
an isolated vibronic doublet formalism which im-
plied weak-to-moderate vibronic coupling.®® In
view of the uncertainty in previous interpreta-
tions®8+%13:14 of the Sc?®* EPR data, the new theo-
retical insights provided by Ham®*® and Chase,*!®
and the experience gained from our earlier EPR
experiments,'®~!° a decision was made to reinves-
tigate Sc® in CaF, and SrF, and, in addition, to
investigate Sc?* in BaF,. These data permit an ex-
tension of our systematic study'®-'® of the dynamic
Jahn-Teller effect for divalent ions with d* config-
urations in eightfold coordination and extend the
results given in a preliminary repori:.")'0

II. THEORY

The weak-to-moderate vibronic coupling model
and the associated effective Hamiltonian formalism
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developed by Ham?'!? describe the line shapes,
angular dependence, and temperature dependence
of the EPR spectrum for an isolated vibronic dou-
blet. Ham®'® has also given expressions for es-
timating the Jahn-Teller stabilization energy and
hence the strength of the vibronic interaction and
has demonstrated the importance of random inter-
nal strains.

For completeness, the effective Hamiltonian for
an isolated 2E state will be reviewed here, but the
reader is referred to earlier papers®316-1% for a
more extensive treatment.

An effective Hamiltonian representing the ran-
dom strain, Zeeman, hyperfine and quadrupole“
interactions for a %E state in cubic symmetry is
given in Eq. (1):

H=qV,(es8s+e,8) +g kgl Say +A,I - Sa,
+3qgou5((3H,S, - H- §)8o+ V3 (H,S,-H,S,)8.]
+39A,[(3LS, - T §)8,+ V3 (1S, - 1,S,)&.]
+1qQ[G3I,1,-T. 18+ V3 (1,1, -1,1,)8,]. (1)

Here, @, é’e, and &, are vibronic operators 8-13
=32, -e,-e,), ande,=3V3 (e, ~e,) are
symmetrlzed strain components His the magnetic
field, S is the electronic spin operator, and fis
the nuclear spin operator. The parameters, qV,,
&iks, Ay, 398:2Mp 39A;and 3qQ represent the
relative strengths of the various terms, and the
reduction factor®!3 ¢ is included explicitly in the
appropriate parameters.

When the strain interaction determines the com-
position of the vibronic states,’''%1™1% the EPR
transitions occur within the two resultant Kramers
doublets. These EPR transition frequencies are
given to second order'® in Eq. (2):

2
hv,=<g1 + 398201+ (—qff)— fs) pH
2
+(A1 +3qAf + fq_i_a.)__f3+2 &, qA,fs
1 £1

4(qQ) [(fs=fo) +2(fs - 2f) I (T + 1)])

(—1—45—311—(‘4 104N | (gAy* )[1(1+1)-M§]

sl gikpH
A, 8(gQ)°
A o 2 gy, @

where the two signs differentiate between the
strain-produced Kramers doublets. The functions
fi1, f3, and f, are given in Eqs. (3)—(5):
Ff1=(3n2 =1) cose + V3 (12— m?) sing , (3)
fa=+{2-[(8n%-1) cos¢ + V3 (12 - m?) sing |?

~[- (3n2-1) cos2¢ + V3 (1 -mPsin2¢]}, (4)

fi=d5{4+[(3n* - 1) cosp + V3 (12 -
4[~ (3n% - 1) cos2¢ + V3 (12 -

m?) sing J?
m?) sin2¢]}. (5)

Here, I, m, and n are the direction cosines of the
magnetic field with respect to the (100) axes, and
tang =e,/e,.

When the composition of the vibronic states is
determined by the anisotropic parts of the Zeeman
and hyperfine interactions and not the strain inter-
action, then the frequencies for the two most-in-
tense transitions are also given by Eq. (2), but
with the following definitions of f;, fs, and f, which
apply only in {110} planes:

fi=1-3*, (6)
f3=3(1 -n%(3n2+1) (7)
=3nt+F(1-n?)?. (8)

As before, n is the cosine of the angle between the
magnetic field and the (100) axis in the particular
{110} plane. The two signs in Eq. (2) now refer to
transitions within the Kramers doublets produced
by the anisotropic terms in the effective Hamilto-
nian.

The inclusion of a weak isotropic ligand hyper-
fine interaction in the effective Hamiltonian results
in a splitting of each hyperfine transition into a
symmetric series of transitions. This situation is
illustrated in Fig. 1 for the M;=~ 3 hyperfine com-
ponents. Assuming that all values of the strain
angle ¢ occur with equal probability, neglecting
all second-order terms, and not including ligand
hyperfine structure, the microwave absorption
predicted by Eq. (2) is shown in Figs. 1(a) and
1(b). The effect of a weak isotropic hyperfine in-
teraction with eight ligand nuclei of spin } is
shown schematically in Figs. 1(c) and 1(d). Each
of the hyperfine components such as those in Figs.
1(a) and 1(b) is split into nine lines whose relative
intensities are given by the ratios
1:8:28:56:70:56:28:8:1. This results in nine
overlapping envelopes with the above relative in-
tensities. A first derivative of the envelopes of
Figs. 1(c) and 1(d) will have partially resolved li-
gand hyperfine structure near each of the two ex-
tremes of the envelopes. However, it is evident
that the ligand hyperfine structure patterns depend
on the exact shape of the original hyperfine enve-
lopes.

In second order, the line shape of the individual
hyperfine components becomes asymmetric.!”**®
For HIl (100), this asymmetry is produced by those
terms in Eq. (2) which are multiplied by f, and by
the (qgaf1/g1)® term in the expansion of 1/(g,

+1qg,f1), although these terms are small. For
magnetic field orientations away from Hi (100),
the (gA,)%*:/A, term'® will produce an effect larger



10 EPR INVESTIGATION OF THE DYNAMIC JAHN-TELLER. .. 835

SECOND-ORDER EFFECTS ON THE RESOLUTION OF LIGAND
HYPERFINE STRUCTURE
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FIG. 1. Shown in this schematic representation of the
most extreme effects of second-order terms in Eq. (2)
on the appearance of ligand hyperfine structure are: the
line shapes predicted in first-order for the Mp=-3%hy-
perfine component of the EPR spectrum, HI (110), for
(a) CaF,:Sc?* and (b) BaF,:Sc?*; the line shape predicted
in first order including an isotropic ligand hyperfine in-
teractionfor the M;=— 2 hyperfine component, HIl {110),
for (c) CaF,:Sc? and (d) BaF,:Sc?; and the line shape
predicte_d. in second-order for the M;= — 2 hyperfine com-
ponent, HIl (110), for (e) CaF,:Sc?** and (f) BaF,:Sc?,
The microwave absorption is plotted versus magnetic
field with the individual transitions represented as 6
functions. The solid diamonds represent the field posi-
tions for ¢ ==+ 47, = 3. The solid triangles represent
the field positions for ¢ =0, + 7. Horizontal scales in
(c) and (d) represent locations of the ligand hyperfine
pattern at the two extremes of the absorption. The dis-
placements of the diamond and tr iangle symbols in (e)
and (f) indicated by horizontal lines show the difference
between the prediction in first-order and those in second-
order. The values of the strain angular parameter ¢
locating the low-field extremes of the absorption in (e)
and (f) are shown.

than the other second-order terms. For Sc? in
SrCl,,'? this (gA,)%;/A; term produced large effects
on the line shapes.

To illustrate the most extreme influence of sec-
ond-order effects on the ligand hyperfine structure,
the line shapes (without ligand hyperfine structure)
of the M, =~ £ hyperfine components are shown in
Figs. 1(e) and 1(f). Nine overlapping envelopes
of the type shown in Figs. 1(e) and 1(f) would
greatly complicate the ligand hyperfine spectrum
because of the three-peaked character of the ab-
sorption. The solid triangles locate the positions
of the EPR transitions for ¢ =0, +7, and the solid
diamonds locate the EPR transitions for ¢ = 3,

+ 3r. The shifts produced by second-order terms
for ¢ =0, +mand ¢ =+ 37 are represented by the
horizontal displacements shown in Figs. 1(e) and
1(f). The value of ¢ for the low-field extreme is
also given. Second-order effects are much less
drastic for other orientations and other hyperfine
components.

Rapid vibronic relaxation (i.e., AM =0) be-
tween the two strain-produced Kramers doublets
can result in microwave absorption midway be-
tween the positions of the two EPR transitions
from the two doublets.®!* The intensities of these
“average” transitions depend, in general, on the
orientation of the applied magnetic field.'*!* For
a given magnetic field orientation, variations in
intensities with M, are also observed.'® In addi-
tion, it has been shown that certain second-order
terms in Eq. (2) can produce small characteristic
anisotropies for these transitions.

For ligand hyperfine structure to be resolved
on the averaged lines the following conditions must
hold: (i) the linewidth of the individual EPR tran-
sitions composing the envelopes must be smaller
than the spacing between adjacent ligand hyperfine
lines (at high temperatures this linewidth may re-
sult from spin-lattice relaxation), and (ii) the vi-
bronic relaxation rate must be much greater than
2rAv where Ap is the maximum difference in fre-
quency for the transitions resulting from the two
strain-produced doublets.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Commercially available CaF;, SrF, and BaF,
single crystals were doped with Sc using the dif-
fusion technique described by Hochli.® The diva-
lent charge state of Sc was produced by either x
or vy irradiation at room temperature. EPR spec-
tra were recorded using a back-reflection (X band,
9 GHz) spectrometer with backward-diode detec-
tion. The microwave frequency was measured
electronically, and magnetic field measurements
were made with an NMR gaussmeter. Precision
orientation of the magnetic field relative to the
crystallographic axes was achieved using indepen-
dent orthogonal rotations of the sample and mag-
net.

A. Low-temperature anisotropic spectra

The EPR spectra observed at 1.2 K from irra-
diated CaF,:Sc, SrF,:Sc, and BaF,: Sc single
crystals are shown in Figs. 2-4, respectively,
for the applied magnetic field parallel to the three
principal crystallographic directions, i.e., (100),
(111), and (110). For a general direction of the
applied magnetic field, each EPR spectrum con-
sisted of eight anisotropic hyperfine components
whose line shapes resulted from large random in-
ternal strains. The extremes of these line shapes
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1.2 K for a reduced CaF,:
a. Sc?* sample. The first-
derivative presentation of
absorption is shown versus
magnetic field for: (a)

HI (100), (b) HII(111), and
(c) HII (110). The extremes
of the anisotropic hyperfine
components are designated
by broad vertical bars.
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were described, in first order, by the cubic anisot-
ropy function [1 —3(1%m2+m®n® +n%%)]'/2. The im-
portance of second-order terms is indicated by the
observation that the line positions for H Il (111)
(indicated by dashed vertical lines in Figs. 2-4)
differ from the average of the two extremes for the
corresponding hyperfine components for Hi {100)
or HI(110). In Fig. 2, the average field positions
of the extremes of the eight hyperfine components
for H 1l (100) and H 1 (110) are indicated by narrow
vertical bars on the horizontal scales below the
traces. The extremes of the components in Figs.
2-4 are indicated by broad vertical bars on the
horizontal scales below the traces.

Ligand hyperfine structure was partially re-
solved near the extremes of each hyperfine com-
ponent although it is better resolved on one of the
extremes. For HIl (111) [see Figs. 2(b), 3(b), and
4(b)] as many as nine separate ligand hyperfine
lines were resolved with relative intensities which
are given approximately by the
1:8:28:56:70:56:28:8:1 ratios expected for a
ligand hyperfine interaction with eight equivalent
nuclei of spin 1. In the fluorite structure, the !°F
ligands for a substitutional ion are not all magnet-
ically equivalent for H I (111), but the data suggest
that the anisotropy in the ligand hyperfine inter-
action may be neglected for the purposes of this

=306

work. As the direction of the magnetic field was
varied, the ligand hyperfine splittings were ob-
served to be approximately constant, but the rela-
tive intensities of the ligand hyperfine lines did
vary. The observed ligand hyperfine splittings
(Apyrg) for the three systems are listed in Table L
The decrease in Ay ygg in the order CaF,:Sc?,
SrF,:Sc¥, and BaF,:Sc? is expected since the
host lattice constant (and hence the nearest-neigh-
bor distance for these hosts) increases in that
order.

The angular dependence of the central line of
the ligand hyperfine structure at each extreme (or
an estimate of its position when ligand hyperfine
structure was not resolved) is shown in Figs. 5-7
for CaF,:Sc®, SrF,:Sc*, and BaF,: Sc*, respec-
tively. The measured field positions are repre-
sented by open circles. The solid curves in each
figure are computed using the second-order solu-
tion of the effective Hamiltonian for an isolated
2E state in the large random strain approximation,
i.e., Eq. (2), and the appropriate parameters list-
ed in Table I. The error limits listed in Table I
were chosen to reflect the precision with which
the extremes having no resolved ligand hyperfine
structure could be measured.

From Figs. 2(b), 3(b), and 4(b), it is apparent
that the linewidths of different hyperfine lines for
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FIG. 3. EPR spectrum observed (v=8.8 GHz) at
1.2 K for a reduced SrF,: Sc** sample. The first-deriva-
tive presentation of absorption is shown versus magnetic
field for: (a) HIl (100), () HIl (111), and (c) HIl (110).
The vertical bars locate the extremes of the anisotropic

hyperfine components. The dashed ve_{tical lines locate
the eight hyperfine lines observed for HIl (111).

the same system are unequal for Hu (111). Al-
though this could result from mosaic structure,’
it may be the result of a variation in the magnitude
of the ratio, qV, (e2+e2)!/%/(qgu g H +qAM;). If
all complexes do not satisfy the large random
strain condition, then second order terms will re-

sult in a distribution of line positions. This inten-
sity variation has been observed in SrCl,: La®,
SrCl,: Y%, SrCl,:Sc¥, CaF,:Sc®, SrF,:Sc?, and
BaF,: Sc®.

For H I (111), seven additional weak features
were observed at 1. 2 K. These additional lines
occurred approximately halfway between adjacent
hyperfine lines. Their positions and intensities
are characteristic of AMg=x1, AM;=z1 transi-
tions and, as previously reported,'® imply the ex-
istence of a weak nuclear electric quadrupole in-
teraction for the isolated 2E state in cubic symme-
try.

B. Temperature dependence between 1.2 and 4.2 K

The temperature dependences of the EPR spec-
tra observed for CaF,:Sc¥, SrF,:Sc®, and
BaF;: Sc? are shown in Figs. 8-10, respectively.
As seen in these figures, a weak eight-line pattern
was observed to coexist with the anisotropic pat-
tern discussed above. These lines are located in
Figs. 8-10 by dashed vertical lines, and they were
observed to increase in apparent intensity (the
peak-to-peak amplitude in a first-derivative pre-
sentation) as the applied magnetic field was rotated
in a {110} plane toward a (111) axis. The intensity
of each individual line depended on its relative po-
sition in the eight-line pattern. As the tempera-
ture was increasedfrom 1. 2to 4. 2 K, the intensities
of each of these lines increased approximately lin-
early with temperature, and this increase was ac-
companied by the gradual broadening of the ligand

0 - -
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Ban. Sc

Hll <100>

FIG. 4. EPR spectrum
|  observed (v=8.9 GHz) at
1.2 K for a reduced BaF,:
Sc?* sample. The first-

derivative presentation of
absorption is shown versus
magnetic field for: (a)

Il ooy, () Fll @11y, and
(c) HI @10). The vertical
bars locate the extremes
of the anisotropic hyper-

R B
Hll<i>

b.

fine components. The
dashed vertical lines locate
the eight hyperfine lines
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TABLE I. Effective Hamiltonian parameters for d’—conﬁguration ions exhibiting a dynamic Jahn-

Teller effect in alkaline-earth halides.

and should be added or subtracted from the last digit of the parameter.

All experimental error limits are expressed in parentheses

Ay 94, qQ Aprurs
Host : Ion & ag, (10~* cm™!) (10~ em™) (10~ cm™) (G)
BaF, : 55c?* 1.9555(8)* -0.0309(8)*  —68.3(8)* —24,5(8)* —0.12(8)P* 3.8(5)*
2
SrF, : ¥sc? 1.9640(5)* —-0.0240(5*  —-67.5(5)* —24.3(5)* —0.12(5)>* 4.7(3)%
CaF,: 45sc?* 1.9719(5)* -0.0211(5)*  —65.8(5)* —24.1(5)* -0.12(5)"* 5.0(3)%
SrcCl, : 45sc?* 1.953(1)° —0.0442(8)° —-62.7(8)° —-31.5(5)° - 0.20(5)>° e
2
SrCl, : ¥y 1.929(1)° —0.0478(8)° +24,3(8)° +5,0(8)° e e
srclz:wBLa?i s coe _llo(z)b.d veo e cee
SrCl, : 199122 1.881(1)¢ -0.0687(8)  -119.5(8)¢ —18.8(8)¢ +0,15(5)>d e

%This paper. PReference 18,

hyperfine structure near the extremes of the aniso-
tropic pattern. At temperatures near 77 K, the
weak pattern dominates the EPR spectrum, and the
anisotropic pattern has broadened beyond detection.
These characteristics imply that the origin of
these patterns is averaging by rapid vibronic re-
laxation. This interpretation was also consistent
with the observation'® that the positions of these

ANGULAR DEPENDENCE : CaF,: Sc2*
T = 12K
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FIG. 5. Angular dependence of the extremes for the

anisotropic pattern observed for CaF,: Sc?*, The open
circles are experimental measurements and the solid
curves were computed using the parameters in Table I
for CaF,:Sc?* and Eq. (2). All values of the strain angu-
lar variable ¢ were assumed to occur with equal proba-
bility.

“Reference 19.

dReference 17.

lines for Hl (100) differed from the positions for
Hi (111). These deviations, which occurred pri-
marily in the hyperfine splittings, are illustrated
in Fig. 9 for SrF,:Sc? where the components of
the weak pattern are located by dashed vertical
lines, and solid vertical lines locate the hyperfine
lines observed for H I (111). These deviations are
a result of the (gA,)%;/A, term in Eq. (2), which

ANGULAR DEPENDENCE + SrE;: Sc2+
T=12K
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FIG. 6. Angular dependence of the extremes for the

anisotropic pattern observed for SrF,:Sc?*. The open
circles are experimental measurements and the solid
curves were computed using the parameters in Table I
for SrF,:Sc?* and Eq. (2). All values of the strain angu-
lar parameter ¢ were assumed to occur with equal prob-
ability.
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ANGULAR DEPENDENCE : BaF,: Sc2*+
T =1.2K —
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FIG. 7. Angular dependence of the extremes for the
anisotropic pattern observed for BaF,: Sc?*. The open
circles are experimental measurements and the solid
curves were computed using the parameters in Table I
for BaF,:Sc® and Eq. (2). All values of the strain angu-
lar parameter ¢ were assumed to occur with equal prob-
ability.

is relatively large for the Sc® systems.

IV. IMPLICATIONS OF THE WEAK-TO-MODERATE
VIBRONIC COUPLING MODEL

The EPR spectra reported here are character-
istic of an isolated %E state in cubic symmetry. A
g ground state is predicted by conventional crys-
tal-field theory for ions with d! configurations in
eightfold coordination. Ham has shown®'? that
the symmetry classification of the ground vibronic
state for an electronic %E state with weak-to-
moderate vibronic coupling is also E. The only
experimental evidence for the existence of a weak-
to-moderate vibronic interaction is the observation
that certain experimental parameters are reduced
from the values predicted in the absence of vi-
bronic coupling, i.e., by conventional crystal-
field theory. It is the purpose of this section to
compare the observed reductions in the parame-
ters measured for Sc? in CaF,, SrF,, and BaF,
and to indicate that the implied strengths of the vi-
bronic coupling are physically reasonable. Many
of the calculations presented in this section are
extremely rough and are presented merely to show
consistency between the experimental data and
Ham’s weak-to-moderate vibronic coupling mod-
el.>»!3 The data previously reported”'19 for
SrCl,: La®, SrCl,: Y%, and SrCl,: Sc® are in-
cluded for comparison purposes.

Conventional crystal-field theory predicts the
following first-order expressions for the parame-

TEMPERATURE DEPENDENCE
His 10° from <100>mn (110}

|

GAINX25 ;
L IR TR T N T

e

FIG. 8. Temperature
dependence of the EPR
spectrum observed from a
reduced CaF,: Sc?* sample
for (a) T=4.2 K, (b) T
=2.7K, and (c) T=1.6 K.
The dashed vertical lines
locate the eight lines due
to the averaging of a por-
tion of the anisotropic pat-
tern produced by rapid vi-
bronic relaxation. The ex~
tremes of the components
of the anisotropic pattern
are designated by vertical
bars. The first derivative
of absorption is shown
versus magnetic field for
the magnetic field oriented
10° from a (100) axis in
a {110} plane.

MAGNETIC FIELD —
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TEMPERATURE DEPENDENCE

Al <00> StF,: c?*
(a)
e \
4.2K

i
1.6 K
(c)

_J*L,_,J
1.2K

FIG. 9. Temperature dependence of a portion of the
EPR spectrum observed from a reduced SrF, : Sc?* sam-
ple for: (a) 4.2 K, (b) 1.6 K, and (c) 1.2 K. The first
derivative of absorption is shown versus magnetic field
for the magnetic field aligned parallel to a {(100) axis.
The dashed vertical lines locate the components of the
‘“averaged” pattern while the solid vertical lines denote

the positions of the hyperfine lines observed for HIl {(111).

The extremes of the components of the anisotropic pat-
tern are designated by vertical bars.

ters, g1, &2 A; A, and @ for a d'-configuration
ion in eightfold cubic coordination:

g1=2.0023 -4 /A, (9)

g2=—-4\/A=g,-2.0023, (10)

Ay =(=2pgpu (r) /DK +40/8) , (11)

Ap=(=2upp{r®) /D G+¥r/a), (12)
2e% _2eQy

-3
Q=TEI- 1) e (77 - (13)
The parameters A, A, g, K, I, &), k, e, and
Q y are respectively the spin-orbit coupling con-
stant, the cubic-crystal-field splitting 10Dg, the
Bohr magneton, the nuclear magnetic dipole mo-
ment, the nuclear spin, the one-electron expecta-

tion value of r's, the Fermi contact parameter, the
electron charge, and the nuclear-electric quadru-
pole moment.

The reduction factor ¢, included explicitly in the
parameters, ggs qA, and g@ in Table I, may be
estimated from the experimental parameters, g,
and gg,. The reduction factors for the various
systems are listed in Table II. They are related
to the strength of the vibronic interaction and
hence the Jahn-Teller stabilization energy E; .

In particular a decrease in g from unity toward %
corresponds to an increase in the ratio E;p/fw.
Estimates of the ratio, E;q/fiw, were made and
are listed in Table II. Using the value 300 cm™!
for #w (the approximate average optical-phonon
energy for the alkaline-earth halides), the esti-
mates of the vibronic coupling strength parameter
Vi listed in Table II were obtained.

The relatively small variations in ¢ (and hence
in E;pand V;,) implied by the EPR data for the
Sc? ions in the fluoride hosts and the lack of a
definite correlation between these reduction fac-
tors and the fluoride lattice constants, indicate
that the vibronic interaction itself is essentially
independent of the nearest-neighbor spacing for
these systems. However, the appreciable differ-
ence between g for Sc?* in SrCl, and the ¢’s for
Sc? in the fluoride hosts implies that though the
vibronic interaction does not depend strongly onthe
lattice constant of the host, it does depend on the
electron affinity of the anions.

Dividing the parameters qg;, gA, and gqQ@ listed
in Table I by the appropriate reduction factor ¢,
one obtains estimates for the parameters g,, A,,
and Q. These estimates, together with the pa-
rameters g, and A, given in Table I, can be used
in Eqs. (9)-(13) to calculate the values for k,
(r®), 1, and Q given in Table II. The system-
atic variations in these parameters are physically
reasonable, and the predicted values for the nu-
clear moments agree remarkably well with cur-
rently accepted values which are shown in paren-
theses in Table II.

The measured EPR parameters reported here
and elsewhere'™? for SrCl,:Sc®, CaF,:Sc¥,
SrF,:Sc*, BaF,:Sc?, SrCl,:Y*, and SrCl,: La*
are all consistent with the following model, which
is illustrated schematically in Fig. 11: (1) The
2D free-ion term of the nd' configuration in eight-
fold coordination is split by the cubic-crystal-field
interaction into a ground %E electronic state and a
2T, excited electronic state separated by energies
on the order of 10* em™. (2) The ground vibronic
state resulting from a weak-to-moderate linear
vibronic interaction (E;p/#w ~0.05 to 1.0) is a 2E
state with the first excited state on the order of
102 cm™! above the ground state. (3) Owing to
large random internal strains (on the order of
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TEMPERATURE DEPENDENCE
H11<100> BaFZ:Sc
v:89GHz

FIG. 10. Temperature
dependence of the EPR
spectrum observed from a

/ ! reduced BaF, : Sc?* sample
GAIN X 2 a. for: (a) T=4.2K, ® T
=3.0K, and (c) T=1,2 K.
The first derivative of
absorption is shown versus
magnetic field for the mag-
‘ 3.0K netic field aligned parallel
/ to a {100) axis. The

GAIN X2 b. dashed vertical lines lo-

cate the components of the
“averaged” pattern while
the extremes of the compo-
nents of the anisotropic
pattern are designated by
vertical bars. Note the
difference in gain used for
trace (c).

GAIN X1

| | - 1 1 H
i | - T 1 T | I

MAGNETIC FIELD —

10™* to 10°%), the 2E vibronic state is split into two
Kramers doublets which are separated by about
1 cm™. This strain splitting varies from ion site
to ion site because of a distribution in strain mag-
nitude. (4) The Kramers degeneracy is removed
by the applied magnetic field, and the magnitude

of the Zeeman splitting depends on the ratio of the

this quantity occur with equal probability. (6) Ow-
ing to rapid vibronic relaxation (indicated in Fig.
11 by wavy arrows), a portion of these complex
envelopes is averaged.

V. SUMMARY AND CONCLUSIONS

EPR spectra have been observed for BaF,: Sc?,

strain components, ¢4 and e, and on the orientation
of the magnetic field. (5) The microwave absorp-
tion consists of complex envelopes of transitions
(indicated in Fig. 11 by solid arrows). The shapes
of these envelopes depend on the distribution of

the strain angular parameter, ¢, and all values of

SrF,:Sc¥, and CaF,:Sc®*. The spectra observed
from CaF,:Sc® and SrF,:Sc?® are similar to those
previously reported by Hochli and Estle,? and
Hochli!® Each EPR spectrum consisted of three
different patterns: (a) an intense eight-component
anisotropic pattern, (b) a weak eight-line “nearly”

TABLE II. Summary of parameters calculated from the experimental effective Hamiltonian parameters in Table I
using the weak-to-moderate vibronic coupling model. Numbers shown in parentheses are the currently accepted values
which are to be compared with the calculated values.

AR AP Vip® (r3) ¢ (nuclear Qy
Host:Defect  (em™) (cm™) ¢° Ep/ho®  (em™)  « (1022 G¥/erg) magnetons) ©)
Can:Scz* 79 10000 0.69 0.4 4000 1.1 0.5 +5(+4.75)* —0.30(=0,22)
SI‘F2:SCZ' 79 8000 0.63 0.5 5000 1.1 0.5 +5(+4.75) —~0.30(—0.22)
Ban:Scz' 79 7000 0.66 0.5 5000 1.1 0.5 +5(+4.75) —0.30(—0.22)
SI'Clz:SCz‘ 79 6000 0.86 0.1 2000 1.1 0.5 +5(+4.75) —0.30(=0.22)
S!‘Clz:Y2+ 300 15000 0.65 0.5 5000 2.1 0.6 —0,2(-~0.14) te
SrCIZ:Laz‘ 640 20000 0,57 1.0 7000 2.4 0.7 +2,5(+2.76) +0.30(+0.20)

Computed from the *Dj,,-?Dy,, free-ion spin-orbit splitting listed in NBS Circ. No. 467.
PComputed from g; in Table I and the free-ion A using Eq. (9).

°Computed from g; and g, in Table I using Eqs. (9) and (10).

9Extrapolated from Fig. 5 of Ref. 3.

*Computed from Ejp/%w assuming %w =300 cm! using Eq. 2.3.3 of Ref, 3.
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Free- lon
Ground Term

Crystal field

Splitting Coupling

isotropic pattern, and (c) a very weak seven-com-
ponent pattern observed only for H 1l (111).

The line shapes, anisotropy, and temperature
dependence of the strong eight-component aniso-
tropic pattern were described within experimental
error by second-order solutions of an effective
Hamiltonian for an isolated ?E state. Random in-
ternal strains were dominant in determining the
composition of the vibronic states. Ligand hyper-
fine structure was observed with eight 19F nuclei
of spin §. Distortions of the line shapes of the
hyperfine components produced by second-order
terms in the solution of the effective Hamiltonian
may influence the resolution of the ligand hyper-
fine structure. The analysis and the experimental
parameters describing the spectra were found to
be consistent with the suggestion by Ham®*® that
the vibronic coupling was not sufficiently strong to
necessitate the use of the tunneling model.

Weak, nearly isotropic hyperfine lines were ob-
served to coexist with the intense anisotropic pat-
tern at low temperatures. Variations in the inten-
sities of these weak lines as a function of tempera-
ture, the observation of a small predicted anisot-
ropy in their field positions, and the total lack of
resolved ligand hyperfine structure, imply that
they result from averaging of a portion of the an-
isotropic pattern by vibronic relaxation.

Vibronic Strain
Splitting

FIG. 11. Schematic energy-
level diagram implied by the in-
terpretation of the EPR param-
eters. The %D free-ion term is
split by the cubic crystal field into
’E and T, states with the E state
lowest. A weak-to-moderate
vibronic interaction results in a
series of vibronic states and the
ground vibronic state is also a 2E
state. The first excited vibronic
state is sufficiently far from the
ground state to enable one to treat
the ground state as an isolated 2E
state. This state is split by ran-
dom internal strains into two
Kramers doublets. The Kramers
degeneracy is removed by an ap-
plied magnetic field and EPR
transitions (represented by
straight arrows) are induced by
the microwave magnetic field.

The wavy arrows represent vi-
bronic relaxation processes which
can produce an averaging of a por-
tion of the anisotropic EPR pattern.
This type of relaxation should not
be confused with spin-lattice re-
laxation.

Zeeman
Splitting

The seven very weak lines observed for Hu 111)
have been discussed previously18 and were shown
to be AMg=+1, AM,=+ 1 transitions. Variations
in the positions and intensities of these lines im-
ply the existence of a nuclear electric quadrupole
interaction for cubic-symmetry defects exhibiting
a dynamic Jahn-Teller effect.

In conclusion,; the principal features of the EPR
spectrum due to Sc? in CaF,, SrF, and BaF, may
be described within experimental error by an iso-
lated vibronic doublet. Observed reductions of
certain parameters from the values predicted by
conventional crystal-field theory imply the exis-
tence of a weak-to-moderate vibronic interaction,
i.e., a dynamic Jahn-Teller effect.
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