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EPR spectra have been observed for SrCl,:Y?* and SrCl,;:Sc?* at liquid-helium temperatures. At 1.2 K
the spectra were dominated by anisotropic hyperfine patterns whose line shapes and angular
dependences were explained using second-order solutions of the effective Hamiltonian for an isolated
2Eg state split by large random internal strains. Pronounced asymmetries in some of the
strain-produced line shapes for SrCl,:Sc>* are shown to result from second-order terms in the solution
of the effective Hamiltonian. Coexisting with the anisotropic hyperfine patterns are weak nearly
isotropic hyperfine patterns with typical line shapes. Variations in the apparent intensity of lines in
these weak hyperfine patterns as functions of the applied-magnetic-field direction and temperature imply
that these lines result from averaging by vibronic relaxation of a portion of the anisotropic pattern.
This interpretation is further strengthened in the case of SrCl:Sc®* by the observation of a predicted
anisotropy in the “averaged” spectrum. The effective-Hamiltonian parameters for SrCl:La?*, SrCl,:Y?*,
and SrCl,:Sc’* are analyzed in terms of crystal field theory modified to include a weak to moderate

vibronic interaction, i.e., a dynamic Jahn-Teller effect.

I. INTRODUCTION

For a nonlinear polyatomic complex Jahn and
Teller! have shown that the orbital electronic de-
generacy permitted by a symmetric nuclear con-
figuration is incompatible with the stability of the
symmetric configuration since asymmetric distor-
tions remove the degeneracy and lower the energy
of the system. For high-symmetry complexes in
solids, e. g., ions with ad® configuration in eight-co-
ordinated cubic sites, this instability is a result of
the interaction between lattice vibrations and the
electrons located on the ions. This vibrational-elec-
tronic or vibronic interaction determines the nature
and the degeneracies of the states of the complex,

both of which will generally be different from the
results for the electronic states in the absence of
the vibronic interaction. This subject has been ex-
tensively investigated theoret:‘u:ally.a"1 When suf-
ficiently strong, the vibronic interaction together
with internal strains can produce a stable spon-
taneous distortion of the nuclear configuration to a
symmetry sufficiently low to remove all orbital
degeneracy, i.e., a “static” Jahn-Teller effect.
However, even when the vibronic interaction is
relatively weak, it produces pronounced effects on
the matrix elements of certain vibronic operators
and hence on certain experimental parameters,
i.e., a “dynamic” Jahn-Teller effect. Since the
existence of a significant vibronic interaction in-



3004

validates the crystal field model, most experimen-
tal investigations have been directed toward finding
instances where crystal field theory could not ex-
plain the observations. Ham® and Sturge® have re-
viewed all but the more recent experimental and
theoretical developments in the study of the Jahn-
Teller effect, _

For orbital doublets only a limited amount of ex-
perimental data exists which permits definite in-
ferences concerning the magnitude and nature of
the vibronic coupling. This, together with the
absence of systematic investigations and the re-
stricted role experiment has played in verifying the
substantial theoretical work, suggests the need for
a more extensive experimental study of the Jahn—
Teller effect and its implications concerning 2E
states.

In our previous work®~® concerning SrCl,: La*
we have demonstrated that the ground vibronic state
is an isolated doublet transforming like the E,(I';)
irreducible representation of O,. This result, to-
gether with the observation that certain parameters
were reduced from values predicted by crystal field
theory (i.e., zero vibronic coupling), implied that
the weak- to moderate-vibronic-coupling model de-
veloped extensively by Ham®'* provided an accurate
description of the SrCl,: La®* system. This paper
describes further EPR investigations of ions with
2g, ground states. We report here our studies of
SrCl,: Y%* and SrCl,: Sc®, which were the subject
of a previous preliminary presentation.10

II. THEORY

The effective-Hamiltonianformalism for an iso-
lated vibronic doublet has been developed and
solved to first order by Ham.*»* The importance
of second-order terms in explaining EPR spectra
was discussed previously in Ref. 8 (hereafter re-
ferred to as I). In this section the effective Ham-
iltonian will be reviewed and the solutions® will be
used as a starting point for discussions of line
shapes and anisotropies of the EPR transitions ob-
served for Sc?* and Y?* in SrCl,.

The effective Hamiltonian for an isolated 2E,
state®*%%in 0, symmetry is given in Eq. (1):

H=qV,(e,8 ,+e.8.)+gupst-Sa, +A1-Sa,
+5qg.up[(3H,S, -H- §) 8o+ V3 (H,S, -H,85,)8]
+5qA,[(31,5,~1°8)8, +V3 (1,8, ~1,S,)8.]

+3qQlB1,I,-1-1)8, + V3 (1,1, -1,1,)8.] . (1)

The first term in the Hamiltonian represents the
effects of internal strain or applied stress while
the second and third terms are the isotropic Zee-
man and hyperfine interactions. The last three
terms are the anisotropic Zeeman, anisotropic
hyperfine, and quadrupole interactions, respec-
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tively. The quadrupole interaction has been treated
elsewhere.® The coupling coefficients qVs, g1uB,
Ay, 3qga4p, 39As, and 3@ in Eq. (1) represent
the relative strengths of the different terms with
the reduction factor®* included explicitly. The
quantities ﬁ, §, and T are, respectively, the applied
magnetic field, the electronic-spin operator, and
the nuclear-spin operator. The components of
strain ey and e, are defined as e =13 (2e,, — e, — €,y)
and e. =3 V3 (e,, —e,,), where e,,, e,,, and e, are
the diagonal components of the strain tensor., Ma-
trix representations of the vibronic operators G,,
8,, and &, are given in Eq. (2) [note the upper-
right-hand matrix elements are (6'| 9 |€), where
i8) and |€) are vibronic basis functions which trans-
formas do the 6(32% - %) and (V3 (x*- y?)) com-
ponents of the E, irreducible representation of the
point group O,].

ey 2) 5D 8D

Assuming that the strain determines the composi-
tion of vibronic states (see Appendixes A and B of I
and Sec. VII of Ham®) the following second-order
solution is easily obtained for the frequencies of
the AMg==1, AM, =0 transitions:

2 -
hv,= <g1i 3 qgaf1+ (—f;f—)—fa) upH
2
+ (A1i 3 qAzf1+ (inifaﬂ“z*%gg“qf‘afa
1 1

2
+ —4(;1‘1?) - [(fs =fa)+2(fu - 2f3)1(l+1)]>M’

. ( (A1 7§ g4211)° . (A,
2g1upH gilsH

. (qu)z
giupH

The two signs refer to the two strain-produced
Kramers doublets. The functions f;, f;, and f;
are defined in Eqs. (4), (5) and (6):

fi=Bn®=1)cos¢ +V3 (1 - m?) sing , (4)
3= 5{2 - [(3#% - 1) cos¢ + V3 (% - m?) sing I
~[-(3#*-1)cos2¢ + V3 (I* - m®) sin2¢ |}, (5)
fi=3214+[(Bn® - 1)cos¢ + V3 (12 - m?) sing |?
+4[ - (3% -1)cos2¢p +V3 (2 - m®)sin2¢]} . (6)

f4) [(1+1)-Mm?]

2
faM2+ B(Zf@ @fs-foMm?. (3)

Here [, m, and n represent the direction cosines of
the magnetic field with respect to the cubic axes
and tan¢ =e./e,. The notation used here is the
same as that used in I. Equations (5) and (6) are
equivalent to the corresponding equations for f;

and f, in I. The notation in Ref. 9'is somewhat dif-
ferent.
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FIG. 1. (a) The line shape in first order produced
by the distribution in the angle ¢ given by tand=e/ey.
EPR signals occur in pairs, equidistant from the center
of the envelope. (b) The effect of rapid vibronic relaxa-
tion is to average those pairs of transitions whose fre-
quency differences [v, ~v. of Eq. (3)] are less than the
vibronic relaxation rate ™!, Hence, as the relaxation
rate increases with temperature, that portion of the
envelope that is averaged increases. In addition, rota-
tion of the magnetic field in a {110} plane toward a
(111) axis reduces the value of the function f; to zero
as shown in Eq. (4). Hence, as the field gets closer to
a (111) direction, more transitions satisfy the condition
771>y, —v_ and the “averaged” line increases in intensity.
The absorption is shown schematically as a function of
applied magnetic field with the extremes of the envelope
designated by vertical lines and labeled with effective
first-order g factors.

Using crystal field theory and assuming that the
spin-orbit interaction is very small with respect
to the cubic crystal field interaction, i.e.,

/A <1, closed perturbation expressions may be
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derived for the parameters gy, g5 A;, A;, and @
in Egs. (1) and (3). These expressions are given
in Egs. (7)-(11) for a single d electron:

g1=2.0023 -4x/A , (M

g2=—4\/A=g —2.0023 , (8)

Ar=(=2pppu(r3y/D(k+4r/a), (9)

Ap=(=2upp(r ®)/D (4+ ¥ 1/a), (10)
ZQ

Q= 71(2261-1) . 11

Here \, A, ug, i, I, (%), k, e, and Qy are, re-
spectively, the spin-orbit coupling constant, the
cubic crystal field splitting 10Dg, the Bohr mag-
neton, the nuclear magnetic dipole moment, the
nuclear spin, the one-electron expectation value
of 7, the Fermi contact parameter, the electron
charge, and the nuclear electric quadrupole mo-
ment. One immediately notes from Eqs. (9) and
(10) that when « is small, as it is for the 3d! con-
figuration, then A,~A,, and terms in Eq. (3) of
the form (gA,)%/A, are extremely important. These
terms can have pronounced effects on the EPR line
shapes and will be discussed in greater detail for
SrCly:Sc? in Sec. IIIB,

As pointed out by Ham,** rapid vibronic relaxa-
tion results in averaging of a portion of the stain-
produced EPR line shapes. The first-order effects
of such averaging on the EPR spectrum of
SrCl,: La® were discussed in I and are illustrated
schematically in Fig, 1(a). If the relaxation rate
77! for the vibronic process is much greater than
the difference between the two frequencies v, and
v. and both Kramers doublets are equally populated
(i.e., the strain splitting 6 satisfies 6 <kT), then
an EPR signal will appear at the position v given
in Eq. (12):

Ay

2 N2 2
hv= <g1+——(‘i§z) fs) upH+ <A1+ (g4,) fa+ ) qAzfs +’é'(19‘)“[(f3 "f4)+2(f4—2f3)1(1+1)]>M1

Ay &1

(A

(qAa)z
+
\ Zg 1 BH

gikpH

(qAf1)?
32g1 [J.BH

Equation (12) gives the average of kv, and hv_ for
a given value of H. When the second-order terms
in Eq. (12) are negligible, averaging by relaxation
produces an isotropic hyperfine pattern, each com-
ponent of which is located midway between the two
extremes of the appropriate envelope. This situa-
tion is shown schematically in Fig. 1(b) and char-
acterizes the case of SrCl,:La®, If A, and A, are
comparable, then the (qu)z/Al term is important
and the “averaged” spectrum will be slightly an-
isotropic. This is the case for SrCl,:Sc?* which

2 2
A) ety -nag )+ B2 . MO ap gy o)

gikpH

I
will be discussed further in Sec. III B.
III. EXPERIMENTAL RESULTS AND DISCUSSION

Single crystals of SrCl,:Y and SrCl,: Sc were
grown from the melt using a vertical Bridgman
technique described in I. The dopants were intro-
duced as YCl; and ScCl;. Strong fluorescence
was observed in the “as-grown” crystals using
short-wavelength uv (A = 2537 A) excitation, but
EPR was not observed until the crystals were re-
duced. Reduction resulted from exposure to y rays
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12 K

v=896 GHz 2
SrClzY

A li<io0>

9=2.00
Il

All<iir>

GAINx

- —

Hll<io>

GAINx

—_———— e —

™ o

MAGNETIC FIELD— +—— 406

FIG. 2. The angular dependence of the EPR spectrum
observed for a reduced SrCly: Y single crystal; (a)
Il (100), (b) FIl (111), and (c) HIl (100). The first
derivative of absorption is shown versus magnetic field.
Extremes of the two overlapping envelopes are indenti~
fied by small vertical bars below each trace. The dashed
vertical lines designate the positions of the two transi-
tions for H I (111) and aid in identifying the lines pro-
duced by rapid vibronic relaxation. A large number of

anisotropic lines, best seen for I (110), were observed.

These lines saturated easily and hence were not associ-
ated with the isolated Y* imperfections.

from a high-flux Cs®7 source (~ 10" rad) or by
heating in Sr vapor (590°C for 15 min). The radi-
ation produced a deep-red color in the SrCl,:Y
crystals but SrCl,: Sc crystals remained colorless.
Reduction in a Sr vapor produced a dark metallic
sheen for both SrCl,:Y and SrCl,:Sc crystals sim-
ilar to that observed for SrCl,: La?*,

EPR spectra were observed using a back-reflec-
tion homodyne spectrometer operating at about
9 GHz. Precise orientations were obtained using
independent orthogonal rotations of both the applied
magnetic field and the crystal.

A. StCl,: Y2

The EPR spectrum observed at 1. 2 K for a re-
duced SrCl,:Y single crystal is shown in Fig. 2
for the applied magnetic field parallel to the (100),

(111), and (110) crystallographic directions. This
spectrum is simpler than that of SrCl,: La®* in I
because the nuclear spin for the 100% naturally
abundant isotope *Y is &.

The spectrum consists basically of two overlap-
ping envelopes of transitions, each with the line
shape characteristic of random internal strains.®
A schematic diagram of these two overlapping en-
velopes is shown in Fig, 3(a). The dotted curve
represents one of the envelopes (M;= —3) and the
dashed curve represents the other (M,=+§). The
curves were calculated for H 1 (100) using Eq. (3)
and the parameters listed in Table I for SrCl,: Y%,
Each value of ¢ was assumed to occur with equal
probability thus producing two 6-function lines
[one for the upper sign and one for the lower sign

4
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FIG. 3. (a) A schematic representation of the density
of EPR transitions as a function of applied magnetic
field. These were calculated using Eq. (3) assuming
that all values of ¢ occur with equal probability. The
dotted curve represents the M;=—% envelope and the
dashed curve represents the M;=+%envelope. The solid
curve results from adding the dashed and dotted curves.
The envelope extremes are shown as small vertical bars
below the curves. (b) The first-derivative presentation
of absorption versus magnetic field observed for a re-
duced SrCl, : Y single crystal. The dashed vertical lines
locate the two lines produced by averaging a portion of
the anisotropic pattern. The extremes of the two en-
velopes are shown as small vertical bars below the trace.
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TABLE 1. Effective Hamiltonian parameters measured for Sc®, Y*, and La® in SrCly. The signs have been chosen
consistent with predictions of crystal field theory and sign relations implied by the data analysis.

Ay g4, qQ
System ) 225 (10 em™l) (10" cm™) (10" em™)
SrCl,: Sc? +1,9531+0.0010% ~0,0442+0, 00082 -62,7+0,8% -31.5+0.8 ~0.20=0,05°
SrCl,: Y +1,9289+0,0010% ~0.0478 +0.0008% +24,3+0,82 +5,0+0,8
SrCl,: La% +1.8808 + 0, 0010° ~0,0687+0, 0008 -119,5+0.8° ~18.8+0,.8¢ +0.15+0,05°
3This paper. bReference 9. °Reference 8.

in Eq. (3)]. The solid curve is the sum of the
dotted and dashed curves. The extremes of the
two envelopes (located by small vertical bars be-
low the curves) are the field positions predicted
by Eq. (3) for ¢ =0°. The primary effect of con-
sidering each line to have a nonzero width is to
broaden the extremes as shown in I. In Fig, 3(b)
the observed first-derivative presentation of ab-
sorption versus magnetic field is shown for

Hi (100), The evaluation of the coupling coeffi-
cients gy, ggs, Ay, and gA, in Eq. (3) (note that
the quadrupole interaction vanishes for I=3) is
simplified for H 11 (100) since f;=0 and £, =0 at the
extremes. A first-order estimate of these param-
eters can easily be obtained using Eqs. (13)-(16)
and the measured field position of the four peaks
shown in Fig. 3(b) and labeled H;, H,, H;, and
Hy:

_ v/c . v/c 13)
&1 (Hy+ Hg) pp/he (Hs + Hy) pg/he °
L v/c . v/c
982= " (4 v H,) pp/he | (Hy+ H,) pa/hc ’(14)
- { Hy - H H, - H v
Ay (cm 1)=-.( HI1+HZ + H:+H: )'C- , (15)
- Hy -H H, - H v
g4; (cm 1)=<H11+H: - H:+H:) z - 18

A more accurate set of parameters is obtained -
when the field positions H; to H, are modified to
allow for second-order terms. In addition, cor-
rections for the nonzero width of the individual res-
onances, following the prescription in I, are re-
quired. The iteratively refined values for these
four parameters are listed in Table I and were
used in Eq. (3) to compute the angular dependence
of the extremes, These computed extremes are
plotted as solid lines in Fig., 4. The open circles
are the experimental values obtained using mag-
netic field positions of the peaks in the first-de-
rivative presentation of absorption and correcting
for component linewidth as discussed in I. The fit
is excellent considering the uncertainty in positions
of the true extremes of the envelopes.

As seen in Fig. 2(a), a pair of lines which are
isotropic to within experimental error were ob-

served to coexist with the anisotropic pattern dis-
cussed above. These lines increased in apparent
intensity (the peak-to-peak amplitude in a first-
derivative presentation) as the applied magnetic
field was rotated in a {110} plane toward a (111)
direction. This angular variation in the intensities
of these lines suggests that they result from av-
eraging of a portion of the anisotropic pattern. As

the temperature was increased, the intensities of

these lines increased and the peaks in the first-
derivative presentation of the anisotropic pattern
broadened, again suggesting averaging by vibronic
relaxation. The temperature dependence of the
EPR spectrum for Hi (100) is shown in Fig. 5.
The approximately linear increase with tempera-
ture of the intensities of these two lines implies
that the vibronic relaxation rate 7! is also in-
creasing approximately linearly with temperature
(characteristic of the direct process). This be-
havior was also observed for SrCl,: La% (see I).

The features discussed above were generally
independent of incident microwave power, but a
large number of anisotropic lines which saturated
easily were also observed [see Fig. 2(c) in par-
ticular]. Owing to their saturation behavior, these
lines were not associated with isolated Y2* and,
therefore, were not analyzed.

B. SrCl, :Sc**

The EPR spectrum observed at 4.2 K for a re-
duced SrCl;: Sc single crystal is shown in Fig. 6
for the applied magnetic field parallel to the (100),
(111), and (110) crystallographic directions. The
dominant pattern is composed of eight anisotropic
hyperfine envelopes since the nuclear spin of the
100% naturally abundant isotope **Sc is ¥. In Fig.

6 the extremes for the envelopes are indicated by
small vertical bars below each trace. The coupling
coefficients gy, ggs, A;, and gA, were determined
using the least-squares procedure outlined in I and
the spectrum obtained for H I (100). The values of
these parameters are listed in Table I. The quad-
rupole coupling parameter g@ was evaluated from
the AM,;=+1 transitions for H1(111) as described
previously. ®  These parameters were then used in
Eq. (3) to compute the angular dependence of the
extremes for each envelope. These calculated ex-
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tremes are shown as solid lines in Fig. 7. The
open circles designate the measured extremes.
The weak lines located approximately midway be-
tween adjacent hyperfine lines for H 1 (111) [see
Fig. 6(b)] are the AM;=+ 1 “forbidden” transi-
tions. ®

A careful examination of Fig. 6(c), i.e.,
H1(110), reveals pronounced asymmetries of the
envelopes, particularly those at the low-field end.
For these envelopes the low-field extremes are
sharper than the high-field extremes. This asym-
metry was observed to be largest for Hu (110) and
seemed to be entirely absent for H i (100). This
behavior is a result of the (gA,)%/A, term discussed
in Sec. II. The origin of this asymmetry is shown
schematically in Fig. 7. The dashed curves locate
the position of the median transition of each of the
eight envelopes, i.e., ¢ =90° for a {110} plane.
Half of the lines composing each envelope must lie
between the appropriate dashed line and the high-
field extreme of that envelope and half must lie
between the dashed line and the low-field extreme.
Thus, one sees from the dashed lines in Fig. 7 that
with H 1 (110) the low-field extreme should be much
sharper than toe high-field extreme for the lowest

75° 90

o1

three envelopes. The asymmetry is a maximum
for H 11(110) and apparently absent for H 11 (100)
because the function f; in Eq. (5) is zero for
H11(100) and a maximum for ¢=90° when H is along
(110).

The temperature dependence of a portion of the
EPR spectrum for a reduced SrCl,: Sc sample is
shown in Fig. 8. Traces (a), (b), and (c) corre-
spond to progressively increasing temperature.

As the temperature increased from 4. 2 K, the an-
isotropic pattern was observed to broaden while a
weak eight-line pattern emerged. The intensities
of the components of this weak pattern (located by
solid vertical lines in Fig. 8) increased approxi-
mately linearly with temperature whereas the peaks
in the anisotropic pattern near the envelope ex-
tremes broadened with increasing temperature. In
addition, for a constant temperature the apparent
intensity of each weak line increased as the applied
magnetic field was rotated in a {110} plane toward
a (111) direction. These characteristics imply
that the origin of the weak pattern is averaging of

a portion of the anisotropic pattern by direct vi-
bronic relaxation. This interpretation was further
strengthened by the observation that the positions
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FIG. 5. The temperature dependence of the EPR spec-
trum from a reduced SrCl,: Y single crystal with Hil {100y,
(a) 4.2, (b) 3.2, and (c) 1.6 K. The dashed vertical
lines identify the lines produced by averaging resulting
from vibronic relaxation. The first derivative of ab-
sorption versus magnetic field is shown and the extremes
for the two envelopes are designated by small vertical
bars at the bottom of the figure.
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of these lines for H1 (100) differed by a measurable
amount from the position of the eight hyperfine lines
observed for H 11 (111) (denoted in Fig. 8 by the
broken vertical lines). In particular, for Hi (100)
these lines were located at positions halfway be-
tween the extremes (i.e., the dashed lines in Fig.
7). It is exactly this type of anisotropy (both in
magnitude and sense) that is predicted by Eqs. (12)
and (4)-(6) for H11(100) and H1(111). The ob-
servation of this anisotropy is additional evidence
that averaging by rapid vibronic relaxation pro-
duces this weak pattern. These arguments are
somewhat more complicated for H along directions
other than (111) or (100). For these general di-
rections the averaged line is distributed between
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the dashed and dotted lines in Fig. 7 in a manner
which depends on the magnitude of the vibronic re-
laxation rate. For a small 7~ only the lines cor-
responding to values of ¢ very close to 90° (the
dashed lines in Fig., 7) will average. If 7°!is much
larger than the difference in frequency of the ex-
tremes, then all lines will be averaged. The dotted
line in Fig, 7 corresponds to the position of the
average of the two lines located at the extremes,
that is, a value of ¢ very close to 0° or 180°.

We wish to emphasize two differences that
exist between the EPR spectra observed for
SrCl,:Sc® and SrCl,: Y?*. First, pronounced
asymmetries which are present in the line shapes
for SrCl,:Sc® for certain orientations of the ap-
plied magnetic field were not observed for ’
SrClz:Yz* . Second, while the pattern produced
by rapid vibronic relaxation for SrCl,:Y?% was
isotropic within experimental error, that ob-
served for SrCl,:Sc?" exhibited a characteristic
anisotropy in the hyperfine splitting. These dif-
ferences occur because gA, is comparable to A, for
Sc?', These features, together with many other
details of the angular dependence, the line shapes,
the forbidden hyperfine transitions, and the temper-
ature dependence, are all consistent with the as-
sumption of an isolated ’E, state.

IV. IMPLICATIONS OF THE VIBRONIC MODEL

The EPR spectra reported for SrCl,: La® in I
and for SrCl,: Y% and SrCl,: Sc?* in this paper have
been analyzed in terms of an effective Hamiltonian
representing various interactions for an isolated
%, state. Such a state is predicted by crystal-
field theory to be the orbital ground state for a d*
configuration in eightfold cubic coordination.
Ham®* has shown that the symmetry classification
of the ground vibronic state for a weak to moderate
vibronic interaction is also ?£,. The only evidence
that a vibronic interaction exists in the weak- to
moderate-vibronic-coupling approximation is fur-
nished by the observation that certain parameters
in the effective Hamiltonian are reduced from the
values predicted by crystal-field theory. It is the
purpose of this section to demonstrate that a re-
duction of the effective-Hamiltonian parameters
does indeed occur for the three systems
SrCl,: La®, SrCl,: Y%, and SrCl,:Sc® and that the
implied variations in the strength of the vibronic
coupling are physically reasonable.

The reduction factor ¢ included explicitly in the
qg2, qAz, and ¢Q parameters may be estimated
most easily from Eqs. (7) and (8) and the param-
eters gy and gg, listed in Table I. The results
of these estimates are shown in Table II. As
pointed out by Ham,s'4 the reduction factors can
be correlated with the strength of the vibronic in-
teraction. In particular, the smaller the reduc-
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TABLE II. Vibronic-model parameters. For the
most part these are not measured parameters but rough
estimates or approximate fits to the simple vibronic
model employed.

Parameter SrCly: Sc* SrCly: Y* SrCl,: La*
q 0.86 0.65 0.57
Egp/hw 0.1 0.5 1.0

Vr (em™) 2000 5000 7000

qVs (em™) 7000 13000 15000

6 (cm™)? 0.7 to 0.07 1.3t0 0,13 1.5 t0 0.15
71 (sec™h)? 5x10° 4x10° 9x10°

A (em e 6000 15000 20 000
wluy)® 5(4.75) ~0.2 (=0.14) 2.5 (2.76)
% (10% G¥/erg) 0.5 0.6 0.7

K 1.0 2.0 2.5

Qv -0.3 (=0.22) +0.3 (+0.2)

3The first number is the strain splitting computed
using a strain of 10~ and the second is for a strain of
1075,

br=20 K.

°The spin-orbit coupling constants used in obtaining
A were roughly 10% below the free ion values.

dNumbers in parentheses are currently accepted values.
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tion factor, the larger the ratio of the Jahn-Teller
energy E;; to the phonon energy 7Zw. Using the
calculations of Longuett-Higgins et al.,  estimates
of the ratio Ej./iiw were made and are listed in
Table II. Using a value of 300 cm™ for 7%w (the
approximate energy of the optical phonons in
SrCl,) the estimates of the vibronic-coupling coef-
ficients Vr listed in Table II were made. From
the relationship between the vibronic-coupling co-
efficient and the strain-coupling coefficient® esti-
mates of V; were made and multiplied by the ap-
propriate reduction factors. These approximate
results are listed in Table II. The variations in

q and the parameters E;r/fiw, Vsr, and gV, are
reasonable in view of the radial extent of d-elec-
tron wave functions. A 3d electron should be less
extended than a 4d or 5d electron and better
shielded from its surroundings. Thus, an ion with
an incomplete 3d shell should be less sensitive to
motions of the ligands. The vibronic interaction

]

ANGULAR DEPENDENCE
42 K
v=896GHz

SrClySc*

Hll<100>

Hll<i11>
b.

|
I
a
L i
| |
| | |
| | . .
| ! Hll<it0>
| i
| | | ! C.
| | | | 1
| i | i
| | I |
AP DS R B
1§ i g1 Y ' * Ly ¥ ¥
MAGNETIC FIELD F——=50 G

FIG. 6. The angular dependence of the EPR spectrum observed for a reduced SrCly:Sc single crystal: (a) Il (100),
(b) HIl (111), and (c) Hll (110). The first derivative of absorption versus magnetic field is shown. Extremes of the

eight anisotropic envelopes are designated by small vertical bars below each trace.

The dashed vertical lines denote

the positions of the eight collapsed envelopes for i (111). Note that they do not lie halfway between the two extremes
for each envelope for HIl (100). Note also the pronounced asymmetry of the lowest three envelopes of transitions for

fI (110).
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were computed using Eq. (3) to-
gether with the parameters listed
in Table I for Sc*. The open
circles represent the measured
extremes. The dashed lines
"""" bl were calculated from Eq. (3)
with the SrCl, : Sc?* parameters
assuming ¢=90°. These dashed
lines locate the position of the
lines due to averaging by vibro-
nic relaxation for a small relaxa-
tion rate. The dotted lines lo~
cate the positions of the lines
produced by averaging the tran-
sitions at the extremes of each
envelope. The angular varia-
tion of the dashed and dotted lines
are a result of the (gA,)%/A,
second-order term in Eq. (3).
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FIG. 8. The temperature dependence of a portion of the EPR spectrum ob-
served for a reduced SrCly: Sc? sample. The first derivative of absorption
versus magnetic field is shown. The lines produced by rapid vibronic relax-
ation are identified by solid vertical lines. The broken vertical lines desig-
nate the positions of the transitions observed for H | {@11). The extremes of
each envelope are identified by small vertical bars at the bottom of the figure.
The temperature is progressively increasing from (a) to (b) to (c) but values
for the temperature were not obtained.
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should, therefore, be weaker for a 34 electron than
for a 4d or 5d electron. In addition, although the
ratio E;r/%w changes by an order of magnitude, the
strain-coupling coefficient ¢V, (see Table II)
changes only by an approximate factor of 2, Thus,
strains on the order of 10™-10"° produce split-
tings of the ?E, state which are comparable for all
three ions. These splittings are sufficiently small
that the direct vibronic relaxation rate increases
approximately linearly with temperature above
1.3 K. The relaxation rate is proportional to 64,
where 6 is the strain splitting, and is therefore
very sensitive to small variations in 6. In partic-
ular, the direct vibronic relaxation rates at
T =20 K computed using §=0.7, 1.3, and 1.5 cm™
(see Table II) and the speeds of sound for SrClZ11
imply that the temperature at which the EPR spec-
trum becomes dominated by the pattern produced
by rapid vibronic relaxation differs for the three
systems. Since 7 for SrCl,:Sc? is at least an
order of magnitude less than that for SrCl,: La®,
the temperature at which the “averaged” spectrum
appears is substantially higher for the Sc-doped
crystal. For SrCl,:Y?* the averaging is apprecia-
ble at 1.2 K principally because the differences
v, — v. for the averaged transitions are smaller
than for Sc®* and La?’.

By dividing the parameters qg;, gAz, and ¢@ by
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Splitting
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FIG. 9. The schematic energy-
level diagram implied by the inter-
pretation of the EPR parameters.
The %D free-ion term is split by the
cubic crystal field into 2E, and *Ty,
states with the “E, lowest. A weak
to moderate vibronic interaction re-
sults in a series of vibronic states
such that the ground vibronic state
is also a zEg state. The first ex~
cited vibronic state is sufficiently
far from the ground state to en-
able one to treat the ground state
as an isolated 2E, state. This
state is split by random strains
into two Kramers doublets.
The splitting depends on the
magnitude of the strain. The
Kramers degeneracy is removed
by an applied magnetic field and
EPR transitions (represented by
straight arrows) are induced by
the microwave magnetic field.
The wavy arrows represent transi-
tions resulting from vibronic re-
laxation. They can produce an
averaging of a portion of the aniso-
tropic EPR pattern yielding nearly
isotropic lines. This type of re-
laxation should not be confused with
spin-lattice relaxation.

Zeeman
Splitting

the reduction factor ¢ one obtains the parameters
qs;s Az, and @, which can be combined with gy and
A, in Egs. (7)-(11) to obtain estimates for the pa-
rameters A, u, (v '3), k, and @y. These values
are listed in Table II. The systematic variations
in A and () are reasonable. The nuclear mag-
netic dipole moments and nuclear electric quadru-
pole moments agree well with the currently ac-
cepted values (shown in parentheses in Table II).
The measured EPR parameters for SrCl,: La®,
SrCl,:Y%*, and SrCl,:Sc? are all consistent with
the following model, which is illustrated in Fig. 9.
In an eight-coordinated metal site the 2D free-ion
ground term of an ion with one d electron is split
by the cubic crystal field into a ground %E, state
and a ?T,, state separated by 10000 to 20000 cm™.
The ground vibronic state resulting fromaweak to
moderate vibronic interaction (E;/Zw=0.1 to 1.0)
is a 2B, state. The first excited state is on the or-
der of 100 cm™ above the ground state. Owing to
large random internal strains (on the order of 107~
10°) the 2E, state is split into two Kramers
doublets separated in energy by about 1 cm™.
This strain splitting varies from site to site be-
cause of the distribution in strain magnitude. The
Kramers degeneracy is removed by the applied
magnetic field and the magnitude of the Zeeman
splitting depends on the ratio of ¢, and e, strain
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components at each site and on the orientation of
the applied magnetic field.

The EPR transitions (indicated by solid arrows
in Fig. 9) consist of a complex envelope of transi-
tions. The shape of this envelope results from the
distribution in e./ey. Owing to vibronic relaxation
(as indicated by wavy arrows in Fig. 9) a portion
of the anisotropic spectrum averages to produce
a weak nearly isotropic pattern at low tempera-
tures. This pattern increases in intensity with in-
creasing temperature. All features of the EPR
spectrum, with the exception of a number of lines
observed for SrCl,:Y?* and not associated with Y*
and a single line with g=2 observed at high tem-
peratures for Sc®* in SrCl,, are consistent with
the description given above and are described with-
in experimental error by an effective Hamiltonian
for an isolated ’E, state.

V. SUMMARY

EPR spectra have been observed for SrCl,: Y%
and SrCl,: Sc? at liquid-helium temperatures. At
1.2 K the spectra were dominated by anisotropic
hyperfine patterns whose line shapes and angular
dependences were explained using second-order
solutions of the effective Hamiltonian for an isolated
2p, state. Pronounced asymmetries in some of the
line shapes observed for SrCl,: Sc?* result from
second-order terms previously neglected in the
line-shape analysis. The observed variations of
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the effective-Hamiltonian parameters are physical-
ly reasonable.

Weak nearly isotropic hyperfine lines were ob-
served to coexist with the anisotropic patterns.
Variations in the intensities of these weak lines as
functions of temperature and magnetic field ori-
entation imply that they result from averaging of
a portion of the anisotropic pattern by direct vi-
bronic relaxation. Relaxation rates implied by
this interpretation are consistent with those calcu-
lated from the strength of the vibronic interaction.
This interpretation was further strengthened in the
case of SrCl,: Sc?* by the observation of a small
predicted anisotropy.

In conclusion, essentially all features of the EPR
spectra observed for SrCl,: La®*, SrCl,:Y*, and
SrCl,: Sc? are consistent with the model discussed
previously and represented schematically in Fig.
9. Observed reductions of certain parameters
from the values predicted by crystal-field theory
imply the existence of a weak to moderate vibronic
interaction, i.e., a dynamic Jahn-Teller effect.
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