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The electron-paramagnetic-resonance (EPR) spectra of divalent copper in CaO and MgO single crystals
have been observed at 1.2 and 77 K. Although the basic characteristics of the low-temperature (1.2 K)
Cu’?* spectra in these hosts were somewhat similar to those resulting from a dynamic Jahn-Teller
effect, significant deviations in the line shapes and angular variations were found. For CaO:Cu’*, the
angular variations in the { 110} and { 001} planes due to both the Zeeman and hyperfine interactions
were fully consistent with the properties of a *E vibronic ground state with appreciable random-strain
coupling to an excited A, vibronic singlet (i.e.,, an intermediate Jahn-Teller effect). A numerical
diagonalization of the matrix of random strain and tunneling within the 4, and ’E manifold was
performed for various ratios of average random-strain splitting § to tunneling splitting 3T, and the
corresponding EPR spectra were computed. The calculated line shapes and angular variations were then
compared with the experimental results. For Cu?* in CaO, a value of 8/3I' = 0.67 was obtained; and
this value together with the effective spin-Hamiltonian parameters for the isolated ’E state describes
both the complete angular variation and the details of the asymmetric line shapes found for H||[111].
From this value of 5/3T" and a recently published value for 3T, we find that 3 = 2.7 cm™! for
CaO:Cu’*. In contrast to the CaO:Cu’* results, the MgO:Cu’* EPR spectrum exhibited the effects of
random-strain coupling to an excited A4, vibronic singlet. Although a value of 3/3TC could be
determined which described the angular variation of the Zeeman interaction, the angular dependence of
the hyperfine structure and the line shapes observed for H|[[111] were not consistent with this 5/3T
value. For Cu’* in MgO, the experimental results strongly suggest that random-strain coupling to both
the A, and A4, vibronic singlets is responsible for the observed discrepancies.

I. INTRODUCTION

Previous investigations of 2E orbital states of
ions in cubic-symmetry hosts have shown that the
associated low-temperature electron-paramagnetic-
resonance (EPR) spectra may be characteristic of
a Jahn-Teller (JT) effect which in general can be
classified as either “static” or “dynamic.”! Ex-
cluding hyperfine structure, the EPR spectra of
those systems associated with a static JT effect at
low temperature are composed of three magnetical-
ly inequivalent axially symmetric resonance lines
whose principal symmetry axes lie along the four-
fold symmetry axes of the cubic host. As the tem-
perature increases, these axially symmetric reso-
nance lines are motionally averaged to produce a
single isotropic resonance with g =3( g1 +2g,) where
g, and g, describe the low-temperature spectrum.
Numerous examples of the static JT effect have
been reported previously. These include Cu®
in NaCl, LiCl, and NaF (Refs. 2 and 3); Nil* in
NaCl, LiF, and CaO (Refs. 3-5); and Y* and La®*
in CaF, (Refs. 6 and 7).

For °E orbital states in cubic symmetry, the
EPR spectrum associated with a dynamic JT ef-
fect at low temperature is characterized (again ex-
cluding hyperfine structure) by the presence of a
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single strain-broadened resonance line.!*® At ori-
entations of the applied magnetic field other than
H1(111), the resonance line shape has two ab-
sorption peaks with one of these peaks occurring
on either side (or magnetic-field extreme) of the
line. The magnetic-field positions of the peaks of
this line exhibit a cubic-symmetry variation de-
pending on the orientation of the applied magnetic
field relative to the cubic axes of the host. The
greatest separation of the magnetic-field positions
of the peaks occurs when the applied magnetic field
is parallel to one of the fourfold cubic axes, and
the peaks coincide when the field is parallel to one
of the (111) axes. As the temperature increases,
the anisotropic spectrum is replaced by a single
isotropic line whose magnetic-field position coin-
cides with that of the coincident peaks of the aniso-
tropic spectrum at H1(111). This isotropic line
is due to population of an excited vibronic singlet
level or to averaging by vibronic relaxation of a
portion of the anisotropic spectrum. ® Examples of
systems displaying a low-temperature dynamic JT
effect are Sc? in CaF,, SrF,, BaF,, and SrCl,
(Refs. 10-12); La® in SrCl, (Ref. 13); and Y** in
SrCl, (Ref. 12).

Theoretical treatments by Ham! and Chase'* have
indicated that the type of low-temperature JT ef-
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fect observed for 2E orbital states in cubic sym-
metry is dependent on the relative strengths of the
JT coupling and the random strain present in the
crystal. In fact, they have shown that the static
and dynamic JT effects, which were identified in
the early EPR investigations, actually represent
only the two limiting cases of a continuous variation
of possible JT effects. Whether dynamic, static,
or intermediate JT effects are observed depends
on the ratio 5/ 3I', where § is the average splitting
due to random strain of the ground state and 3T is
the “tunneling” splitting between the ground state and
next excited vibronic singlet level of the system.
This “tunneling” splitting depends inversely on the
JT coupling strength. For small values of 5/ 3r,
purely dynamic JT effects are observed while for
large values of this ratio, static JT effects occur.

Until recently, no experimental observations for
2F orbital ground states in cubic symmetry had
been reported which were characteristic of inter-
mediate JT coupling. (An intermediate JT effect
had, however, been identified by Chase'* for an ex-
cited T’y level of Eu®* in CaF,.) Recently, we re-
ported that intermediate JT effects were present
in the EPR spectra due to the ground 2F level of
Ag?* in MgO and Ca0."~'" In particular, it was
determined that at low temperature the JT effect
is static for SrO: Ag?, predominately static but
intermediate to the dynamic effect for CaO : Ag®,
and predominately dynamic but slightly intermedi-
ate to the static effect for MgO : Ag®*. In each host
crystal the observed features of the spectra were
in agreement with the predictions of the theory of
Ham'® and Chase'* which describe the transition
from dynamic to static JT effects. Moreover, for
MgO : Ag® and CaO : Ag®* values for & and 3T were
determined. Since Cu® and Ag® should have anal-
ogous electronic properties in the alkaline-earth
oxide hosts, we have subsequently investigated
Cu® in MgO and CaO® and have discovered inter-
mediate JT coupling effects in the EPR spectra of
these systems. The purpose of this paper is to
present the results of this investigation.

In order to understand how the characteristics
of the Ca0 : Cu®* and MgO: Cu®* EPR spectra depart
from those associated with dynamic or static JT
effects, it will be necessary to describe the origins
and characteristics of the static and dynamic JT
effects. This explanation is the subject of the fol-
lowing section (Sec. II). Additionally, the theory
of Ham and Chase which describes the transition
from dynamic to static JT effects will be presented
in Sec. I, and the implications of this theory for
the EPR spectra of systems with intermediate JT
coupling will be developed. A brief summary of
previous EPR investigations of CaO: Cu® and
MgO : Cu® will be given in Sec. III. In Sec. IV,
it will be shown that calculations based on the the-
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ory of Ham and Chase explain in detail the unusual
properties of the CaO : Cu®* EPR spectrum. Val-
ues of 5 and 3T determined for CaO: Cu? will be
compared with similar results for Ag? in the
alkaline-earth oxides. A justification for the in-
ability of a similar calculation to fully explain the
MgO : Cu®* EPR spectrum is also given.

II. THEORY

The effect of linear JT coupling on a %E electron-
ic state in cubic symmetry can be expressed by
means of the following effective Hamiltonian!:

Hy=Eo T+ V(QeUg+ QeUs) + 3 K(QG+ Q)T . (1)

Here E, is the electronic energy of the %E state in
the absence of any lattice distortion, V is the lin-
ear JT coupling coefficient, @, and @, are lattice
distortion coordinates transforming as the 6 and

€ components of the E irreducible representation
of O0,, K is an effective lattice elastic constant,
and T, U, and U, are orbital electronic operators,
having the matrix form

rl 0} ‘:—1 0]
T: ° -
0 +1]° Us 0 +1

0 +1
Ue = L 1 0:| ’

with respect to the ¥, and ¥, electronic basis
states. Since the ionic kinetic energy is considered
small enough to be omitted from Eq. (1), the
Born-Oppenheimer approximation is assumed val-
id. Here Q, and @, represent essentially static
distortions of the cluster composed of the JT ion
and its nearest neighbors, and these distortions
are assumed to be more effective in producing JT
splittings than the distortions associated with the
continuum of lattice phonons.

Solutions to Eq. (1) were found by Van Vlieck!®
who showed that the electronic degeneracy of the
2E state was removed with the minimum energy of
the system occurring for the infinite number of dis-
tortions for which

(@+Q)2=|V|/K . (3)

The energy decrease from E is known as the JT
stabilization energy E;p=V?2/2K.

(@)

Other investigators (Liehr and Ballhausen, 2°
Opik and Pryce?') have added to Eq. (1) the follow-
ing nonlinear JT coupling terms whose transforma-
tion properties are still consistent with a cubic
complex:

Vq[(QE - Qg)‘u0+ ZQG Qo‘ue ] + VcQo(Qi - SQE)T ’ (4)

where V, and V, are, respectively, the quadratic
vibronic coupling and anharmonic lattice force con-
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stant parameters. If these so-called “warping”
terms are sufficiently large, they have the effect
of stabilizing only those distorted configurations
corresponding to compressions or elongations along
the cubic axes to produce the static JT effect.

The first theoretical investigations of low-tem-
perature dynamic JT effects in EPR spectra were
those of Bersuker?*® and O’Brien.? Starting with
the above static formulation, they determined the
effect on the EPR spectra of varying the barrier
height between the distorted configurations pro-
duced by the “warping terms.” Lowering the bar-
rier height allowed tunneling of the system between
distorted configurations with a resulting change in
the ground-state expectation values of the Zeeman
and hyperfine interactions. These calculations,
however, are only applicable to those systems
meeting the assumption implicit in Eq. (1); i.e.,
that the JT coupling is sufficiently large relative
to the lattice phonon energies that the ground-state
vibronic wave functions contain only the lower of
the two electronic states resulting from the JT
splitting. Additionally these calculations have not
included the effect of random strain on the vibronic
ground state. Ham! has estimated that the random
strain should produce an effect at least comparable
to that of the Zeeman interaction,

For systems in which the JT coupling is weak to
moderate, Ham"®% has extended the work by
Moffitt et al., ® and Longuet-Higgins, et al., ¥ to
predict the nature of the JT effects present in the
EPR spectra of such systems. Since this formula-
tion can also incorporate strong JT coupling ef-
fects, we have found Ham’s treatment most con-
venient for describing the wide range of JT effects
present in the EPR spectra of d°-configuration ions
in the alkaline-earth oxides. For weak JT coupling,
the Born-Oppenheimer approximation is no longer
considered valid, and the nuclear kinetic-energy
operators are included in Eq. (1) where @, and @,
are considered as coordinates for the appropriate
E modes of vibration of the cluster. Here again
the contribution to the coupling from the continuum
of lattice-vibrational modes is ignored. If the
angular frequency corresponding to the E mode is
designated as w, and the effective mass by p, then
the force constant K is given by pw?® and E;r by
V2%/2uw? With the addition of the nuclear -kinetic-
energy terms, the vibronic eigenstates and eigen-
values of Eq. (1) can no longer be obtained ana-
lytically. However, since the Hamiltonian must
still retain the full cubic symmetry of the system
under appropriate transformations, its eigenstates
must belong to the same irreducible representations
of O, as those determined in the absence of JT
coupling. For all values of the linear coupling pa-
rameter V, the ground state is then found to be a
vibronic 2E level while the first excited state is an
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accidentally degenerate doublet transforming as
A; and A,. If these excited states are separated
from the ground state by an energy difference that
is large relative to any external perturbations, then
as shown by Ham®? the effect of these perturba-
tions on the 2E ground vibronic doublet can be rep-
resented by the following operator:

3 =G1T,+PGaA,2

+q(GO‘u39+Ge‘un) ’ (5)

where G;, G, Gy, and G, are functions of the rele-
vant external perturbations and spin operators (but
are independent of @, and @.) and transform, re-
spectively, as the A;, A, E, and E, irreducible
representations of the O, point group. The Hamil-
tonian operators 7,, U,, and Y, have the same
matrix elements as in Eq. (2) relative to the ground
vibronic-basis wave functions ¥,, and ¥,.. The
operator A,, is given by

0 -4
A= +i 0]’

relative to the same basis. The dimensionless
“reduction factors” p and g represent the change
in the expectation value of each term in Eq. (5) due
to the presence of vibronic coupling. Quantitative-
ly, they are given by

q==(¥yo| Uo| ¥po) =(¥pe| U ¥,)
:(‘I"e|‘ue|\l‘,0> ’
p=i{ ¥ Az ¥pe) .

For zero JT coupling, p=g=1. For strong JT cou-
pling, p=~0 and g~ 3. I only linear JT coupling is
present, g=3(1+p). Values for p and g for various
intermediate values of JT coupling strengths have
been calculated by different authors, and are sum-
marized in the article by Ham.*

For electron-paramagnetic-resonance investiga-
tions, the pertinent operators in Eq. (5) include,
first, the terms

(6)

G = Vsee , (7)

which account for the effects of random strain in
the crystal (here V, is the strain-coupling param-
eter and ey and e, are the strain components trans-
forming, respectively, as the 6 and € components
of the E irreducible representation), and, second,
the Zeeman and hyperfine interactions which are
represented in the following relations:

Gy=gupH- §+4,1-8,

Go=Vaey ,

Gy= %gzlla (3H,S. -H. §)
+3A,(31,S, -1- §), (8)

GE = % ‘/igzﬂ-a (H:Sx - Hysy)



+3V3A,(US, - LS,) .

Substitution of the operators of Eq. (7) and (8) into
Eq. (5) results in an effective Hamiltonian for the
system. Second-order solutions to this Hamilto-
nian have been given previously by Herrington,
Estle, and Boatner®® for the case where the ran-
dom strains are sufficiently large to determine the
eigenstates, and have been shown to describe ac-
curately the EPR spectra of many d! configuration
ions (e.g., Sc? in the alkaline-earth fluorides!!
La*, Y¥, and Sc* in SrCl,). 1* ¥

If the strain interaction determines the composi-
tion of the vibronic states, then the solutions to
Eq. (5) for the strain and Zeeman interactions only
are given by the expression
e2)1/ 2

E*,Mszqug(e§+e +g1pHMg

x [1+(qg2 /g1 )

+(gg2 /&1 12, 9)
where
fi= (8% -1) cos¢
|
2
hv, =(g1i 1qgafi+ (Z,gZ)

2 1 2
+££%£1’)_ [(fs -fo)+2(f —2f3)1(1+1)])M,+ ((A‘; 1 94zfy) +

where

fa=2{2 - [(8n% - 1) cos¢ + V3 (1% - m?) sing ¥ - [- (3n% — 1) cos2¢ + V3 (1% - m?) sin2¢]} ,
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+V3 (1% -m?) sing ,
fo=5+1(8n%=1)cos2¢
-iVI @ -m?)sin2¢ ,

tang =e./ep ,

(10)

and [, m, and n are the direction cosines of the
magnetic field relative to the cubic axes. The sub-
script (+) differentiates the solutions for the strain-
determined eigenstates which are given by the ex-
pression:

¥, = Sin(%d))\lllﬁ + COS(%d))‘I’,E ’ (11)
V.=cos(z¢)¥, —sin(z¢)¥,. .

The allowed (AMg=+1) EPR transitions occur at
the magnetic-field strengths given by the expres-
sion

H,=(hv/g1kp) [1+(gg2/81) 11
+(qg2 /81’ f2) V2. (12)

Including the hyperfine and quadrupole interactions,
the corresponding second-order relationship (ex-
pressed in terms of frequency) is as follows!*2;

A a
s+ (A2 3 adasy + AL £y 2 82 gy,

2
2g upH ;ff:l)’l % ‘) (1) - M3}
2 8 2
e wal TR AT BT

(14)

fi={4+[(8n% - 1) cos¢ + V3 (12 - m?) sing)? +4 [ (3n® — 1) cos2¢ + V3 (1# - m?) sin2¢]} .

The effect of random strain is to distribute the

EPR transitions between the extremes determined
by Eq. (12). This distribution of EPR transitions
produces a spectrum which has the appearance of
an EPR powder spectrum. The distribution of
strain between the 6 and € components is generally
assumed to be uniform, and accordingly all values
of ¢ (where tan¢ = e, /ey) between 0 and 27 are
usually assumed to be equally likely. The linewidth
of the complete absorption spectrum displays cubic-
symmetry anisotropy, and, since most EPR spec-
trometers record the first derivative of the absorp-
tion, the observed spectrum for a general orienta-
tion of the applied field consists of two anisotropic
and asymmetric resonance lines. The JT effect in
these spectra is evidenced only by departures of ¢
from unity.

r

As the linear JT coupling term is increased rela-
tive to fiw, the energy separation between the 2E
ground state and the degenerate A; and A; levels de-
creases and, for sufficiently large JT coupling, the
the 2E and Ay, Aj;levels approach degeneracy. The
addition of “warping” terms [Eq. (4)] removes the
A,, A, degeneracy. When the separation of the E
and either the A, or A, levels becomes comparable
to the effects of external perturbations (e.g., ran-
dom strain and anisotropic Zeeman interactions),
appreciable admixture of these states may occur.
This admixture marks the onset of intermediate JT
effects and ultimately results in a static JT effect.

If only one of the excited singlets is close to the
2E ground state, the generalized Hamiltonian 3¢
takes the following matrix form® with respect to the
W4y, ¥, and ¥, basis:
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3T+G, G, rG,
rGe Gy-qGs  qG. (15)
7Ge qG. G1+qGs

for the A, vibronic singlet lower, or (with respect
to ‘I’AZy \11'9, and \I’:e)

3ar+G, G, - 7Gy
rGe Gy-4Gy  qG, (16)
- vGy qG, G1+qGy
for the A, vibronic singlet lower. Here
7= W4, Up | Wpo) = (W aq|Uc| ¥y ) (17)

or
7’=<‘1’Az|‘ue“l’,s>= —<\I’A2i‘u€i\1’l5> ’

and 3T is the energy separation of the 2E and the
singlet state (sometimes called the tunneling split-
ting).

Chase!* has pointed out some interesting changes
that occur in the {110} plane angular variation of the
EPR spectrum as 3T is decreased from its value
in the dynamic region. In the dynamic region, the
angular variation of the extremes for large random
strain is given by Eq. (12). For the {110} planes,
l=m and therefore at any point in the plane, the
outer extremes of the 2E spectrum occur for ¢ =0
or m, i,e., for those sites with e,=0. The wave-
functions for the sites with ¢=0 are ¥,=¥,. and
V.=V, for the sites with ¢ =7 we have ¥,=¥,,
and ¥.= -¥,,. For a d° configuration ion, gg; is
positive, and thus from Eqs. (11) and (12) it is ap-
parent that ¥, states give rise to the high-field
side of the spectrum for orientations between
Hi [001] and Hi [111] and the low-field side for
orientations between H 1 [111] and H1 [110]). The
¥, states produce the opposite side of the spec-
trum at these orientations. Consider the matrices
in Eqs. (15) and (16) where random strain and tun-
neling are assumed to be the largest perturbations.
Let e.=0. As the tunneling splitting is decreased
from the dynamic region, ¥,, is only admixed with
V.5, and ¥,, is only admixed with ¥,.. The expec-
tation value of the Zeeman interactions for the ad-
mixed state with A, lowest then contains the term

(Way| 7 Vaeo| W) {Upo| 7Go| W ay) /3T,

where Gy is that part of the Zeeman interaction
which transforms as the 6 component of E, and the
result of this term is to broaden and shift the
resonance -field position associated with ¥ ,.
A, lower the corresponding term is

<\I’A2|—’}'Vzegl\ll‘5><\l/'e\"VGgl‘I/Az)/sr )

For

which results in a similar broadening and shifting
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of the resonance -field position associated with
V... In the EPR spectrum due to the ground Kra-
mers’s doublet, the resonance-field positions of
the “coupled” side of the spectrum are shifted in a
manner which results in an increase in the total
anisotropy of the angular variation in the {110}
plane., It should be noted that the side of the spec-
trum in the {110} plane which is not affected by the
selective coupling allows a determination to be
made of the spin-Hamiltonian parameters g,, ggo,
A,, and gA, which is independent of intermediate
JT effects.

In order to consider the transition from dynamic
to static JT effects, it is convenient to express the
matrices [Eqs. (15) and (16)] relative to the vibron-
ic basis functions ¥,, ¥, ¥, where!

V= (1/V3) (P, +¥,+¥3),

Vo= (1/V6) (2%, - ¥, - ¥y) , (18)
Yee= (1/V2) (¥, -¥,),
for A, lowest or
Vo= (1/V3) (¥ +¥,+ ) ,
Vo= (1/V2) (U5 = ¥,) , (19)

¥, =(1/V6) (2% - ¥, —¥3) ,

for A, lowest. The matrix elements of ¥ relative
to the new basis are then given by the following ex-
pressions:

K =T+G1%5 (g -V27)Gs ,

Hoe=T +Gy¥35(q-V27)(-G,+V3Ge),
Ha3=T+G¥35(q-V27) (-G, -¥3G,),
31p=3oy =T+ 3V2 (V2q+7) (Gy+ V3 Ge),
i3 =30 = T+ 3V2(V2¢+7) (Go - V3 Ge)
3a3 =305 =T+4V2(V2¢ +7)Go ,

where 3¢, =(¥,|3¢|¥;) with 4, j=1, 3, and the upper
signs are appropriate for A, lowest and the lower
signs for A, lowest. The ¥,, ¥, and ¥; wave func-
tions have special significance for the case of
strong JT coupling. In the strong-coupling limit,
the wave functions are given by Born-Oppenheimer
products of electronic and vibrational wave func-
tions, If sufficient warping is present so that there
is negligible overlap between the vibrational wave
functions associated with each distorted configura-
tion, then each of the ¥, (i=1, 2, 3) wave functions
corresponds to a vibronic state with a distortion
along one of the three cubic axes. In this limit,
Ham! has shown that »= —vV2q, so that the diagonal
matrix elements of 3C become

(20)

33 =T +G;¥2¢G, ,

Hy=T +G,Fq(- Gy +V3G,), (21)



H33=T +G,¥q(- G, -V3G,),
and all off-diagonal elements equal I'. If the Zee-
man and hyperfine operators in Eq. (8) are sub-
stituted into Eq. (21), these matrix elements,
which have the same form as the usual axial spin
Hamiltonian with unique principal axes along the
z, x, and y directions, are as follows:

Xy =T +gy upH,S, +g.up(HS, + H,S,)
+AS I, +AL(S I, +S,1,) ,
3Cag = r +&ukpH,S, +gl“B(HtSt + H,S,)

10 EPR INVESTIGATIONS OF INTERMEDIATE JAHN-TELLER. ..
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where g,=g1%2qgs g.=81%q482; A=A 72¢A,; and
A,=A,;+qgA, . Again the upper (lower) sign corre-
sponds to the A, (A4,) state being lowest. (Note
that unfortunately the same A,, A, notation is con-
ventionally used to label both the vibronic excited
states and the hyperfine parameters.) When T is
small compared to the Zeeman interaction, three
axially symmetric EPR spectra which are de-
scribed by Egs. (22) are observed in the absence
of random strain, The effect of random strain is
expected to be larger than the Zeeman interaction,
however, so that the matrix of strain [Eq. (7)] and

+Ay S0, + AS I, +S,1,) (22) tunneling should determine the eigenstates of

the system. I the relation = —V2q is assumed

=T H,S,
Hss =T+ gu kpHyS, + ks (HSy + H,S,) valid, this matrix has the following form with re-
+A S L+ ALS I +S,1,) , spect to the basis ¥,, ¥, and ¥;:
|
T'¥56cos¢/2q r r

r T +6(cos¢— V3 sing)/2q r , (23)
r r T'+6(cos¢ +V3sing)/2q

I

where 6 =2¢| V,! (e2+e?)!/ 2 is the strain splitting ap-
propriate to the isolated 2E state,

&= (6cosp)/2q| Vs ,
e. = (6 sing)/2q| V5| ,

and ¢ determines the distribution of strain between
6 and € components. For large values of 6/3T,

the eigenstates are essentially the three Kramers’
doublets ¥,, ¥, and ¥; and the EPR spectrum
displays the static JT effect described by Eq. (22).
It should be noted that, in the limit 6> 3T, each of
the ¥, Kramers’ doublets becomes the ground
state as ¢ is varied in the range 0=¢ =27, For a
crystal with a distribution of random strain in
which all values of ¢ in the range 0=¢ =27 are
equally likely, only the ground-state Kramers’
doublet at each site need be populated in order to
have all three distorted configurations simultaneous-
ly present in the crystal. Thus, the static JT ef-
fect is observed even if 2T << 3T.

The following discussion will describe the ef-
fects on the EPR spectra resulting from intermedi-
ate values of 6/3T in Eq. (23). In particular, it
is important to detail how the EPR spectra for in-
termediate values of 6/3T differ from those
characteristic of either the static or dynamic JT
effect. In order to predict the effects of inter-
mediate values of 6/3T, it is necessary to perform
a numerical diagonalization of Eq. (23) for a given
8/3T value. Since the Zeeman and hyperfine in-
teractions are assumed to be small compared with
strain and tunneling, the EPR spectrum can be com-

puted by perturbation theory for each Kramers’
doublet resulting from the diagonalization. The
formulation in Eq. (23) rather than Eqs. (15) and
(16) is more convenient for this purpose due to the
diagonal form of the Zeeman and hyperfine opera-
tors relative to the ¥,, ¥, V¥, basis. Specifically,
once the eigenstates &,=3}.,C,¥, of Eq. (23) are
determined, then (as long as r= — V2q) the expec-
tation values of the hyperfine and Zeeman opera-
tors (&,13¢| ®;) for each Kramers’ doublet are
simply and accurately calculated since {¥,|3C|¥,)
is a diagonal matrix, A calculation of this type
was first described by Chase, ** and we have suc-
cessfully employed it to describe the EPR spectra
of Ag¥ in MgO and CaO. "

Since little is known about the distribution of ran-
dom strain in the crystal, some assumptions in
this regard must be made in order to calculate the
EPR spectrum resulting from the crystal as a
whole. In this work the probability P(6) of a given
site having a random-strain splitting 6 was as-
sumed to have a Gaussian distribution about a mean
strain &:

P(O )cc e'(b'a) 2/ 242

A distribution not centered about zero-strain split-
ting was chosen in order to be consistent with the
previous assumption that the random -strain split -
ting should be considerably larger than the Zee-
man interaction. This distribution is also consis-
tent with the observed occurrence of large tetrag-
onal strain in the EPR spectra of many rare-
earth and transition-group ions doped into alkaline-
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earth oxide crystals. >? A Gaussian linewidth was
also assumed for the EPR transitions associated
with a given site in the crystal (due to spin-spin
interactions, lifetime effects, etc.). Thus it was
possible to vary the EPR line shape associated with
the bulk crystal by changing either the width of the
component EPR transitions or the width of the dis-
tribution of random-strain splittings (0). For sim-
plicity, however, o was set equal to & and the line
shape varied by changing the width of the compo-
nent transitions. Once 8 was chosen from this dis-
tribution, the matrix in Eq. (23) was diagonalized
and the EPR transitions were computed for a fixed
number (= 200) of ¢ values uniformly distributed
over the region 0=¢ =27, For a given choice of

5 and ¢, the EPR spectrum for each Kramers’
doublet resulting from the diagonalization was
weighted by the Boltzmann factor appropriate to
the assumed temperature, and the contributions to
the total EPR spectrum were then summed over the
values of ¢ and weighted by the distribution of 6.
Only the usual allowed (AMg=+1, AM;=0) EPR
transitions were considered, and the relation »

= —V2q was also assumed.

Figure 1 shows the type of line-shape changes
predicted by the technique described above for a
typical EPR absorption spectrum as a function of
§/3T. The spectra in Fig. 1 were computed with
the assumption that A, is lowest and with Hu [oo1],
21=2.0, gg,=0.05, and 27 <3T". No hyperfine
structure was included. As §/3T is increased from
0.01, the low-field extreme is broadened and then
shifted to lower field. This shift increases with in-
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creasing 5/3T until 5/3T ~ 2 where the rate of
change in resonance-field position becomes relative-
ly small. Both sides of the spectrum become nar-
rower as 5/3T further increases to the static limit
5> 3T, The effective g value of the low-field side
is shifted from g =g, + gg; at the dynamic limit
(6/3I'<0.1) to g=g, + 2gg, at the static limit (5/3T
>5). Since the individual absorption spectra are
not normalized relative to each other, the changes
in the spectral line intensities would be much
greater than those shown in the figure. Figure 2
shows the computed angular variations in a {1 10}
plane of the absorption peaks for the same 5/3T
values used in Fig. 1. As noted above, only one
side of the spectrum in this plane is shifted by
strain coupling to the A, level,

In addition to the calculated changes in the angu-
lar variation, shown in Fig. 2, significant changes
in the line shape with varying 6/3T are predicted
when H is parallel to one of the {111) directions.
Figure 3 shows the type of changes that occur in the
Hi [111] line shape for three values of 5/3T in the
intermediate -coupling region. The top trace shows
the EPR absorption line, and the corresponding
first derivative is shown below. These lines were
computed for v,=23.0 GHz, g,=2.0, and gg,=0.05
with an A, level assumed lower. A Gaussian line-
width for each spin transition was assumed. For
5/3Ir'=0. 33, the maximum absorption intensity
occurs near the high-field side of the line corre-
sponding to a system more characteristic of the dy-
namic JT effect. This distortion in the line shape
is a reflection of the different g values for the dy-

8,=2.0 Aufoo1]

a,=005 r=—{74q
Ye =9.0GHz q=05

|

)

—

FIG. 1. EPR absorption
line shapes calculated as a
function of §/3T. The ap-
propriate 5/3T values are
shown over each spectrum.
An A, level is assumed to

be the lowest vibronic sing-
The field positions Hy,

H— let.
H,, and H; are given by H,
=hv (g +2qg)ig, Hy=hv/
(g1 +4g))1g, and Hy=hv/
(g1 —qg))Hp.

X~

!
\ Ha

N J\
Al
0.01

H
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FIG. 2. Dependence of the (170) plane angular variation

on 8/3T. The 3/3T values associated with each curve
correspond to those used in Fig. 1. The A, level is the
lowest singlet. The resonance-field position of the ex-
treme on one side of the spectrum is independent of /3T
in this plane.

namic and static cases with Hi (111). The g value

for a purely dynamic case with Hi(111) is
g=[gl+3(qg)'1?,

while for a pure static case the corresponding re-

lation is

g=[&5+2(gg)* 2.

3809

These g values differ slightly in the usual case
where | gg;l < gy, and for a system with intermedi-
ate JT coupling present, the observed resonance
components are distributed between these limits.
The “dynamic” portion of the resonance absorp-
tion therefore occurs at the high-field side of the
line. For 5/3T'=1.0, the spectrum in Fig. 3
shows an almost equal distribution between “static”
and “dynamic” resonance positions, while for 5/
3I'=2.0, the “static” line shape is seen to pre-
dominate. A distortion in the line shape with
H1(111) was observed for Ag® in CaO ' and, as
will be shown below, has also been observed for
Cu? in both CaO and MgO. '8

Although the dynamic and static effects are only
the two limiting cases of a continuous range of JT
coupling effects at low temperature, we have
shown that®'3? the changes produced in the observed
EPR spectrum by varying the JT coupling strength
are striking. In classifying the observed changes,
we have employed the following broad (and some-
what overlapping) categories:

(a) “Pure dynamic” for the case of a %E state in
cubic symmetry which is sufficiently isolated from
the A, or A; levels so that no effects of coupling to
these singlets are observed in the EPR spectra
other than perhaps a slight broadening of one side
of the spectrum (5/3I'<0.1).

(b) “Quasidynamic” for those cases where ef-
fects of coupling to the singlet levels are observed
in the angular variation but three distinct tetrag-
onal-symmetry spectra are not observed (0.1
<5/3r<0.8).

(c) “Quasistatic” for those cases where three

"
o
w
&

|ont

.= 1.0

Sl
w

A
q=0.5
V:—/Z‘q
%=23 GHz
1.6G

| FIG. 3. Calculated EPR
3 line shapes at HII[111] for
Ir E three 6/3T values in the

intermediate JT coupling
region. The absorption
line shape is placed above
its respective first deriva-
tive.
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tetragonal -symmetry spectra are observed, but the
ratio §/3T is sufficiently small to produce signifi-
cant line-shape distortion (0.3 <35/3I'<5).

(d) “Pure static” for those cases where three
distinct tetragonal-symmetry spectra are observed
and the ratio 5/3T is sufficiently large so that the
typical symmetric EPR line shapes are observed

(6/31 > 5),

1II. SUMMARY OF PREVIOUS EPR INVESTIGATIONS OF
MgO:Cu?* AND CaO:Cu?*

The EPR spectra of Cu® in MgO and CaO single
crystals have been the subject of several previous
investigations. Orton et al.! first studied
MgO : Cu®* and found that the Cu®* EPR spectrum
was isotropic at temperatures above 4 K but that
at 1. 2 K the isotropic spectrum was replaced by an
anisotropic spectrum. The anisotropic spectrum
was not analyzed in detail by Orton et al. but its
existence was attributed to the JT effect. Low and
Suss® found similar results for the temperature de-
pendence of the CaO: Cu®* EPR spectrum and mea-
sured the transition temperature to be about 1.7 K,
The low-temperature CaO: Cu® spectrum was de-
scribed by Low and Suss as corresponding to three
inequivalent ions per unit cell with tetragonal dis-
tortions along the cubic axes and with g, apparently
less than g,, Using the theoretical analysis of
O’Brien, # they concluded that in CaO: Cu®* a com-
pression of the CuQg octahedron was stabilized at
low temperature.

Coffman et al. 3% subsequently studied the EPR
spectra of both MgO: Cu®" and CaO: Cu® and found
that both spectra were appropriate to one inequiva-
lent ion per unit cell and that the observed X-band
angular variations were not consistent with the
axial site symmetry expected for the static JT ef-
fect. Using the tunneling model of Bersuker?®
and O’Brien, # Coffman®? determined that the angu-
lar variation of the MgO: Cu® spectrum was con-
sistent with that expected for a tunneling quartet
(i.e., an isolated ground 2E vibronic ground state
plus Kramers’ degeneracy, which is produced by
strong JT coupling with g=~3). From studying the
CaO: Cu®" (100)-plane angular variation, Coffman
et al.® found that for this system an appreciable
interaction must occur between the ground vibronic
doublet and the excited singlet and that this inter-
action was appropriate to a tunneling splitting of
3r'=0.006 cm™, Unfortunately, neither the
CaO: Cu® nor MgO: Cu® analysis included random
strain effects which were later shown to be of great
significance in JT systems. Also, both investiga-
tions were handicapped since a large part of the
total Cu?" angular variation could not be observed
due either to large linewidth increases near
H1(100) or to the presence of overlapping EPR
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spectra from other impurity ions. In the present
work, the intensity of the Cu®* EPR spectrum in
both hosts was sufficient to eliminate most of these
difficulties.

Other experimental EPR investigations and re-
lated analyses of MgO: Cu® and CaO: Cu® have
been performed, 3*™ put in each case the effects
of random strain were ignored or were assumed
to involve only the ground vibronic doublet.

IV. RESULTS AND DISCUSSION

In the present study, Cu-doped MgO and CaO
single crystals were grown by an arc-fusion tech-
nique described previously.” The dopant was
added to the melt in the form of CuO. The result-
ing MgO crystals were colorless in appearance
while the CaO: Cu crystals were yellow-green,
EPR spectra were observed in the “as-grown”
crystals using 9- and 24-GHz homodyne EPR spec-
trometers both of which permitted in sifu orienta-
tion of the single-crystal sample. Unless other-
wise indicated, all observations discussed below
relate to the 9-GHz spectra.

The EPR spectrum observed for Cu® in both CaO
and MgO at 77 K consisted of two sets of four par-
tially overlapping hyperfine lines. The fourfold
multiplicity of each set of lines is due to the two
naturally occurring Cu isotopes, **Cu and %*Cu,
both of which have a nuclear spin I=3. The two
sets of four lines are partially superimposed as a
result of the similarity of the nuclear moments of
8Cu and %Cu (u =+2. 223, for ¥Cu and p
=+2.382u  for °Cu) combined with the width of the
component resonance lines. The magnetic -field
positions of the centers of the lines were indepen-
dent of the orientation of the applied magnetic field
relative to the symmetry axes of the host crystal
at 77 K; however, anisotropy in the width of the
resonance lines was observed at this temperature,
The lines were narrowest in both hosts for Hi(111)
and broadened as the applied magnetic field was
rotated away from that orientation. For CaO: Cu®
at 9 GHz, the lines were 3 G wide at H 1l (111) allow-
ing a 1-2-G resolution of the Cu and %Cu hyper-
fine lines for the transitions with | M, =3 (Fig. 4).
At 77 K the linewidths for Cu® in MgO with
Hu(111) were =7 G. Measurements at 9 GHz of the
spectra for H 11 (111) for both hosts were fit by the
spin Hamiltonian 3¢=guzi - §+AT. § with the pa-
rameters given in Table I. These parameters are
in agreement with those previously reported. 531,32

At 1.3 K the Cu®* EPR spectra in both hosts
were anisotropic and, except for magnetic-field
orientations within a few degrees of H1{111), con-
sisted of four strain-broadened hyperfine lines with
anisotropic and asymmetric line shapes. The
partial resolution of the ®Cu and ®*Cu isotopes

The
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FIG. 4. EPR spectrum of Cu?* in CaO observed with
Hi [111] at 77 K. The line positions are isotropic at this
temperature but some anisotropy in linewidth is present.
Partial resolution of the hyperfine structure of the two

naturally occurring Cu isotopes, ®Cu and ®Cu, is present.

which was evident at 77 K (see Fig. 4) was not
present at 1.3 K, and both anisotropic extremes
of each of the four hyperfine lines were composed
of unresolved hyperfine extremes of the two Cu
isotopes. The angular dependence of the EPR spec-
trum obtained at 9 GHz for Cu?* inboth hosts was de-
termined for magnetic field orientations throughout
the entire (110) plane. These angular variations
are shown in Figs. 5 and 6. In each host, the two
sets of anisotropic extremes were essentially
superimposed at H11{(111), and the extremes split
up, decreased in intensity, and rapidly broadened
as H was rotated away from a (111) direction in a
{1 10} plane. As the magnetic-field orientation ap-
proached H 1l (001), the extremes at high field for
Ca0: Cu® and at low field for MgO: Cu?* became
difficult to observe due to broad linewidths and low
intensities. As indicated in Fig. 5, for CaO: Cu®*
the separation of the low-field extremes of each
hyperfine component near the orientations H 11 (100)
and H1(110) was sufficiently small to prevent
resolution of the individual hyperfine extremes.

TABLE I. Spin-Hamiltonian parameters for Ccu®* in
MgO and CaO at 77 K.

A

Host g (10" cm™) Ref.
MgO 2,1933(8) 18.7(8) a
MgO 2,192(1) 19.0 b
MgO 2.190(2) 19(1) c
CaO 2,2205(6) 21.8(4) a
CaO 2,2201(6) 21.6(3) d

This work. °Reference 31,

bReference 32. 9Reference 5.
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FIG. 5. Calculated and observed angular dependence

of the low-temperature CaO : Cu** EPR spectrum in the
(110) plane, The solid curves represent the angular var-
iation calculated using the effective Hamiltonian param-
eters listed in Table II and a value of 0. 67 for 5/3T. The
open circles represent the experimentally determined
resonance-field positions of the extremes of each of the
four strain-broadened lines. (The ®Cu and ®Cu isotopes
could not be resolved at 1,3 K.) The “hyperfine struc-
ture” of the low-field extremes near H |l [001] and Hil [110]
cannot be resolved experimentally.

In the 24-GHz EPR spectra of both hosts, the ef-
fects of line broadening as a function of the applied
magnetic field were more severe, and the complete
(110) plane angular variation could not be obtained
for either host at this frequency.

For Cu® in both CaO and MgO the number of
anisotropic components observed at 1.3 K, the ob-
served asymmetric line shapes, and, to some ex-
tent, the observed angular dependences are charac-
teristic of the strain-broadened EPR lines produced
by the dynamic JT effect. There are, however,
some very significant discrepancies between the
observed EPR spectra and the spectrum expected
for an isolated 2E vibronic level. For CaO: Cu®
the four extremes of the spectrum that appear at
low field near H 11 [001) and at high field near
Hi [110] are sharper and more intense than the
other extremes. For MgO: Cu® the opposite is
true (i. e., it is the extremes that are at high field
near f 11 [001] and at low field near H 1l [110] that
are sharper). For MgO: Cu®, however, the dif-
ference between the high- and low-field extremes
is much less than that observed for CaO: Cu®. As
discussed in Sec. II, this type of selective line
broadening in a {110} plane can be attributed to
coupling of the 2E ground state to the next excited
vibronic singlet via the random strain interaction.
The particular side of the spectrum affected by this
broadening indicates that the coupled singlet level
is the A, level for CaO: Cu® and the A, level for
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FIG. 6. Observed angular dependence of the low-tem-
perature MgO : Cu® EPR spectrum in the (110) plane.
Here the solid curves represent an approximate fit to the
experimental data points and are not the calculated angular
variations as shown in Fig. 5.

MgO: Cu®. (In the case of MgO: Cu®, this obser-
vation was previously made by Ham! from unpub-
lished data of Geschwind and Brya. Low and Suss®
made an equivalent observation for CaO: Cu®
although, in this case, they classified the JT effect
as static.)

Additional departures from purely dynamic JT
effects are observed in the {110} plane angular
variations in both hosts. For CaO:Cu?® and
MgO: Cu®, it was found that both sides of the {110}
plane angular variations could not be simultaneously
fitto Ham’s effective Hamiltonian for an isolated 2E
state with large random strains [Eq. (5)]. When
the sharp extremes of the (110) plane angular de-
pendence were used to determine the effective spin-
Hamiltonian parameters, it was found that for both
CaO: Cu® and MgO: Cu® the observed resonance
fields for the broad extremes were shifted to mag-
netic-field values further displaced from the field
position for H11(111) than those calculated from
the solutions to Eq. (5). The shift for CaO: Cu®
was much larger than for MgO: Cu®*. This shift in
magnetic-field position is also indicative of the
coupling to an excited vibronic state that is charac-
teristic of intermediate JT effects.

The computer technique described in Sec. II was
used to determine whether the presence of random
strain coupling to an excited A, vibronic singlet
would account for the observed CaO: Cu® {110}
plane angular variation. Using the effective spin-
Hamiltonian parameters calculated from the sharp
extremes of the CaO: Cu® spectrum (plus the as-
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sumption valid for strong JT coupling that ¢=0. 5),
the complete 1.3-K CaO: Cu® spectrum was calcu-
lated for different magnetic-field orientations in a
(110) plane. Agreement between the computed and
observed EPR spectrum was found for all orienta-
tions in the plane when §/3T'=0.67. The solid
curves in Fig, 5 represent the computed angular
variation, and it is apparent that the agreement is
good for both the Zeeman and hyperfine interac-
tions. The effective Hamiltonian parameters are
given in Table II,

The computed angular variation in the (001) plane
for CaO: Cu®* with /3T =0. 67 is shown in Fig. 7.
In addition to the two sets of hyperfine extremes
which were present in the (110) plane, an addition-
al four-component structure with low intensity was
predicted by the computer. This additional struc-
ture is indicated in Fig. 7 by the dashed curves;
the computed positions near H 1 (100) could not be
determined due to overlap with the more intense
group of superimposed extremes at low field. It
is interesting to note that for H# [110] the high-
field extremes of the larger hyperfine lines (solid
curves) do not quite superimpose with the addition-
al weaker structure (dashed curves). The pres-
ence of this additional structure was also indicated
in the computed spectra in the (110) plane at ori-
entations between Hi [111] and H1 [110]. In the
(110) plane, this structure took the form of weak
“satellites” at a slightly lower field from the sec-
ond, third, and fourth hyperfine extremes (counting
from high field). Attempts to observe these addi-
tional lines experimentally did not yield conclu-
sive results in either plane due to the low intensity
coupled with the effects of line broadening as a
function of orientation and the obscuring effect of
overlapping spectra from other impurities (prin-
cipally Mn?), Experimentally determined reso-
nance-field positions for the larger extremes with
H 1 [100] and H 11 [110] are shown in Fig. 7 by solid
circles. The observed (001) plane angular varia-
tion at intermediate-field orientations was difficult
to obtain accurately due to the other impurity-ion
spectra. However, agreement between the com-
puted and experimental angular variation was
achieved within experimental error. Since the
presence of three sets of “hyperfine” structure is
predicted by the computer calculation, but is not
verified experimentally, the CaO: Cu® EPR spectra
should be classified (according to the terms of the
discussion in Sec. II) as being in the overlapping
region between the quasidynamic and quasistatic
cases.

The presence of intermediate JT coupling in the
CaO: Cu® EPR spectra is also evident in the line
shapes observed with f Il (111). The EPR spectrum
observed at 1.3 K for CaO: Cu® is shown at the top
of Fig. 8 for Hit[111]. The departure from the ex-



10 EPR INVESTIGATIONS OF INTERMEDIATE JAHN-TELLER... 3813

3.2

31

w
o

N
o

MAGNETIC FIELD (kG)

28

27

FIG. 7. Calculated
Ca0 : Cu® angular depen-
dence in the (001) plane with
strain coupling to an ex-
cited Ay vibronic singlet.
A value of 0,67 was used
for 5/3T. Observed reso-
nance field positions of the
extremes at ﬁll[lOO] and H
II[110] are indicated by solid
circles. The dashed curves
show the calculated angular
variation of the structure
whose intensity is predicted
to be very weak relative to
the components whose angu-
lar variation is indicated by
the solid curves. This
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structure was too weak to
be observed experimentally.
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pected four-line hyperfine of pattern of Fig. 4 is
striking and is not due to misalignment of the crys-
tal or to resolution of the Cu® isotopes. Unusual
EPR line shapes were observed previously for the
low-temperature CaO: Agz' EPR spectrum with

Hi [111] and were shown to result from intermedii
ate JT coupling effects.!® With the same computer
technique described above, the CaO: Cu®* EPR
spectrum was calculated for Hi [111]using the
same spin-Hamiltonian parameters and §/3T value
that successfully duplicated the angular variation
of the high-intensity extremes in the (011) plane.

A Gaussian linewidth for each transition was as-
sumed and g was fixed at 0.5. The presence of
two distinct Cu® isotopes was ignored due to the
width of the observed resonance lines. The result-
ing computed EPR spectrum is shown at the bottom
of Fig, 8. All features of the observed spectrum
are duplicated in the calculated spectrum with the
exception of two small lines (denoted by asterisks)
on either side of the most intense (clipped) line.
This small additional structure is believed to be

due to forbidden hyperfine transitions induced by
a nuclear-quadrupole interaction. # The success-
ful duplication of the unusual line shapes for

Hu [111] provides a convincing demonstration of
the effects of intermediate JT coupling in the Cu?
ground state in CaO.

The CaO: Cu® spectrum at 24 GHz (Fig. 9) with
H1(111) exhibited noticeably different line shapes
from those observed at 9 GHz. A similar change
in line shape was observed in the EPR spectrum
of CaO: Ag® with H1(111) between 9 and 24
GHz. ™" This change with increasing field strength
indicates that the Zeeman interaction at 24 GHz is
not longer negligible relative to the strain and tun-
neling splitting. The calculation of the effects of
an appreciable Zeeman interaction by including the
Zeeman interaction in Eq. (23) necessitates a re-
peated diagonalization of a 66 matrix since the
Kramers’ degeneracy is removed. If the basis
states of the matrices in Eqs. (15) and (16) are
employed and the coordinate system is rotated so
that H 1l z, then the Zeeman terms off-diagonal in

TABLE II. Effective Hamiltonian parameters for Cu®* in MgO and CaO de-

termined at a temperature of 1.3 K.

Ay qA,
Host /3T & a2, (10" em™!) (10" cm™) Ref.
ca0 0.67 2.2211(7)  +0.122(1) +31,2(8) ¥24(2) a
MgO 0.12%  2,1924(7)  +0.108(1) +37.8(8) £11(2) a

X 2,195 +0.108 c

2This work. Values were determined from the 8, 5-GHz spectrum.
PNote qualification on this measurement as made in text.
¢Calculated by F. S. Ham from data in Ref. 32 and reported in Ref. 1.
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FIG. 8. Top: The ob-
served first derivative pre-
sentation of the low-tem-
perature CaO : Cu®* EPR
spectrum with Hil [111] and
v,~8.7 GHz. Bottom: The
computer generated
CaO : Cu** EPR spectrum
for the same orientation
assuming strain coupling to
an excited A; singlet with
§/3r=0.67. The relatively
weak structure denoted by
asterisks is believed to be

A

spin are small (= g,v/g,) relative to the diagonal
terms (~3v). It is then sufficiently accurate to
numerically diagonalize the 3 X3 matrices which
are diagonal in the spin and to account for the off-
diagonal terms by second-order perturbation cor-
rections to the energy levels. This approach was
successfully used to describe the CaO: Ag®

Hi [111] line shapes at both frequencies to dis-
tinguish the values of & and 3T (3T=3.9 cm™, §
=4,7 cm™), Y In the case of CaO: Cu?, the spec-
tra observed at 24 GHz with H 1l [111] were not ac-
curately described since the perturbation expres-
sions for the hyperfine interaction in Egs. (15)
and (16) require that | gA;| <<A,. This relation is
satisfied for CaO: Ag% but not for CaO: Cu¥. We
have found, however, that with §/3'=0. 67, a tun-
neling splitting of 3T~ 3 cm™ is sufficiently small
to produce the type of changes seen between the
24- and 9-GHz CaO: Cu® spectra. Therefore, at
9 GHz the Zeeman interaction (0.3 cm™) in

CaO: Cu® has a negligible effect on the diagonaliza-
tion of Eq. (23).

The present interpretation of the CaO: Cu® spec-
trum has been recently substantiated by the Raman-
scattering results of Guha and Chase on CaO: Cu®
crystals supplied by us.3® They have identified the
energies and probable symmetries for the five
lowest vibronic levels with the lowest excited levels
occurring at energies of 4 and 26 cm™, Based on
our EPR results, these energies should correspond
to the A; and A, levels, respectively. This result
fixes 3T at 4 cm™ which compares favorably with
our estimate of ~3 cm™, From our value of 0. 67
for §/3T and the value of 4 cm™ for 3T we can de-
termine a value of 2.7 cm™ for 6.

Although we have observed the intermediate JT

associated with “forbidden”
AM;=+1 transitions which
arise as the result of a

ie quadrupole interaction of
¥ the type discussed in Ref.
. 28. This quadrupole inter-

action was not included in
the calculation of the line
shape.

coupling effects in the CaO: Cu®* spectrum to be
more characteristic of the dynamic than the static
JT effect, the possibility exists that in other
Ca0: Cu® crystals the random strain will be larger
and that JT effects will be observed which are
more characteristic of the static effect. Indeed, in
the initial study of the CaO: Cu® spectrum, the JT
effect was classified as static.® In the present
study, the samples used were selected from a large
fused mass of CaO: Cu crystals on the basis of
their optical clarity and perfection. It is conceiv-
able that crystals of lower over-all quality or
those grown by another technique (e.g., flux
growth) may have larger random strains. We in-
tend to investigate this possible sample dependence
at a later date,

Intermediate Jahn-Teller coupling effects are
also clearly evident in the EPR spectrum of Cu®
in MgO, however, the details of the spectrum were
not adequately described by a calculation similar
to that used for the case of Cu® in CaO. The in-
clusion of a zE—Az coupling via random strains
could duplicate the observed (110) plane angular

N\
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FIG. 9. Low-temperature CaO :Cu?* EPR spectrum
observed at 24 GHz with HIl[111]. The difference in line
shape between this figure and that shown in Fig. 8 is due
to a change in the strength of the Zeeman interaction rel-
ative to the random strain and tunneling,
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variation of the Zeeman interaction. A value of
5/3T'=0.12 was required along with the effective
Hamiltonian parameters determined from the
sharper extremes of the spectrum. These effec-
tive Hamiltonian parameters are given in Table II.
Again ¢=0.5 was assumed. The angular variation
of the hyperfine structure for the broad extremes,
however, was not accurately described by this cal-
culation (e.g., at H1[110] the broad extreme “hy-
perfine” separation was approximately twice that
actually observed). Also, the asymmetric EPR
line shapes observed at 1.3 K for Cu® in MgO
with H11[111] (see Fig. 10) could not be accounted
for by strain coupling to an excited A, singlet with
6/3T'=0.12. In contrast to the case of MgO: Cu®,
the MgO: Agz* spectrum was completely described
with 5/3I'=0. 13 and had symmetric EPR line
shapes for HII[111]. Considerably larger values
of 5/3T would be required to explain the MgO: Cu®
line shapes.

Based on the cumulative evidence, we believe
that the following explanation can account for the
unexpected MgO : Cu®* line shapes with H 11 [111]
and for the failure to fit the MgO: Cu® hyperfine
angular variation. For Cu® in CaO we have shown
that the A, level is the first excited vibronic state,
whereas the A, level appears to be the first ex-
cited state for Cu®" in MgO. Thus, a crossover of
the A, and A; levels occurs in changing the host
from CaO to MgO. It is therefore possible that the
energy difference between the A; and A; levels is
not large in the case of MgO: Cu®. With only lin-
ear JT coupling present, the A; and A; levels are
degenerate; and, if additional “warping” terms are
small, the A; and A; levels are closely spaced in
energy. If large linear JT coupling and small
“warping” terms are present in MgO: Cu®, random
strains could couple both the A; and the A; levels
to the 2E ground state. In that case, the effect on
the low-temperature EPR spectrum would be to
increase the anisotropy of each side of the strain-
broadened 2E resonance spectrum. These effects
would be difficult to distinguish from the EPR

Aonfm

Y =88 GHz

FIG. 10, Low-temperature EPR spectrum of Ccu® in
MgO observed with HII[111].
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spectrum of an isolated 2E state which simply had

a larger anisotropic Zeeman interaction. I the

A, and A, levels are closely spaced in the MgO: Cu®
system, then the value §/3I"=0. 12 quoted to fit the
Zeeman angular variation is indirectly related only
to the difference in strain coupling between the two
excited vibronic singlets. Two values of this ratio
(one for each tunneling splitting and both larger than
0. 12) would be necessary to account for all of the
observed features of the Cu® spectrum in MgO.
Anisotropic effective Hamiltonian parameters
smaller than those given in Table II would also re-
sult from this explanation. As mentioned above,
larger values of §/3T are also necessary to explain
the MgO: Cu®" EPR line shapes with H 1l [111). An
analysis of the MgO: Cu** EPR spectrum with a
model including strain coupling to both A, and A,
levels would be difficult due to the large number

of undetermined parameters (i.e., there is no side
of the spectrum unaffected by random strain cou-
pling that one can use to determine the effective
Hamiltonian parameters). Therefore such a calcu-
lation has not been attempted here. The MgO: Cu®
effective Hamiltonian parameters given here would,
however, serve as a useful starting point in such an
analysis.

The assumption that g=0. 5 should be further
amplified. Guha and Chase®® have estimated that
hiw is approximately 300-350 cm™ and E;y is about
6000 cm™ for CaO: Cu®. Thus, E;p/fiw is approx-
imately 20 for CaO: Cu®. The corresponding ratio
for MgO : Cu® has not been determined; however,
values for the tunneling splitting for MgO: Ag¥,
CaO: Ag¥, and CaO: Cu® have been previously re-
ported to be 4.8, 3.9, and 4 cm™, respective-
ly. 11238 These values suggest that 3T for
MgO : Cu®* should be on the order of 4-5 cm™. The
presence of an isotropic spectrum at 4.2 K is ad-
ditional evidence that 3I'=10 cm™ in this materi-
al. For MgO: Cu® (with assumed linear JT cou-
pling) we have the result

Ejr/fiw=Hw/2(3T)~40 (24)

when the TO-mode frequency in MgO of 393 cm™
is used for Zw. For large linear JT coupling

q=3[1+Hw/4Ex)?], (25)

and we should have ¢~ 5 for Cu® in both hosts.
The warping terms should have a negligible effect
on this estimate., An approximate value for g can
also be calculated from the measured g values if
first-order crystal-field theory is assumed to be

accurate. In this case we have the following rela-
tions®:
g1=8,—4r/a, (26)
g2=—-4N/b, (27)

where g, is the free-electron g value, X is the
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spin-orbit-coupling constant, and A is the divalent
copper 2E-%T, crystal-field splitting. Values of
g, determined in this manner are 0. 190 and 0. 219
for MgO and CaO, respectively. These values of
g2 and the measured gg, values are used then to
obtain ¢=0.568 and ¢=0. 557 for MgO and CaO, re-
spectively. The g value for MgO: Cu® must, of
course, be considered to be very tentative in the
absence of a complete explanation of the MgO: Ccu®
EPR spectrum. Since the validity of Eqs. (26) and
(27) is affected by covalent bonding, we feel that
q=~0.5 is the most acceptable estimate for both
hosts. The determination that ¢~ 0.5 does not
support recently published theoretical calculations
(employing coupling to more than one vibrational
mode) which indicate that ¢ may be substantially
smaller than 0. 484 for a ?E state, *°

The assumption that = - vV 2¢ can also be justi-
fied for CaO: Cu®. For strong linear JT coupling
and arbitrary warping, 7 and q are related by the
expression*!

r==-gq(1-3¢)V2 , (28)

where the parameter ¢ is a function of the ratio
of warping to linear JT coupling. Values of € for
various ratios of warping to linear JT coupling
have been calculated by Williams ef al.*' For no
warping, €~0,1, sothat » ~—¢q. As the ratio of
warping increases, € decreases rapidly so that
for large warping = —v2¢. In the case of
CaO: Cu¥, appreciable warping is observed since
only one side of the spectrum is affected by random
strain coupling to an excited singlet. Thus 7
= -V2q is a good assumption for CaO: Cu®. On
the other hand, the warping terms for MgO: Cu?’
may be weak as evidenced by the possible coupling
of both excited singlets to the ground state. For
MgO: Cu®, the relation = — ¢ may then be more
accurate. However, we have found that it is not
possible to assume the relation »= - g and de-
scribe the MgO: Cu® spectrum by including random
strain coupling to only the A, singlet.

The equations from crystal-field theory for the
hyperfine interaction which correspond to Egs.
(26)-(27) are as follows®®:

Ay==2pp{r™) (u/1) (k +41/a) , (29)
Az==2ug(7™) (/1) [} 4 +342/4)], (30)
where (773) is the mean inverse cube of the 3d°

configuration radius, p is the Cu nuclear magnetic
moment, and k is the Fermi contact parameter.

If the measured values of A; and gA; are substi-
tuted into Eqs. (29) and (30) along with the A/A
value calculated from g,, then x ~0.002 for

CaO: Cu®. The « value for MgO: Cu® is not con-
sidered significant since the MgO: Cu®" hyperfine
structure could not be explained in detail.
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In Table III valuesof & and 3T are listed that
have been determined for Cu® and Ag® in the hosts
CaO and MgO. The most striking feature of this
compilation is that the tunneling splitting is ap-
proximately the same for CaO: Cu®, CaO: Ag¥,
and MgO: Ag®. This similarity in the 3T values
implies either that the absolute value of both the
linear and the warping JT coupling terms is the
same in these materials or that the differences
which occur in the linear and warping terms be-
tween these materials compensate for each other
in such a fashion that 3I" is unchanged. The dif-
ference in the ordering of the vibronic singlets that
is observed for CaO: Cu® indicates that the sign of
the warping parameter1 B for CaO: cu® is opposite
to that for CaO: Ag® and MgO: Ag®. This change
in the sign of g for CaO: Cu® coupled with the
smaller absolute value of 8 expected in MgO: Cu®*
(as compared with the other materials) indicates
that compensating changes in the linear and warping
JT terms may be occurring between these materi-
als.

Approximate equality of the respective JT terms
in these materials would imply (via the arguments
in the Appendix of Ham’s review article') that the
strain coupling coefficients in these materials
have a known proportionate relationship. This in
turn would imply that the major differences in the
EPR spectra of these materials (other than those
due to the differing symmetry properties of the
lowest singlet) are due to differing values of aver-
age random strain at the impurity site. This pos-
sibility could be tested by EPR measurements of
uniaxial-stress effects, Raman-scattering experi-
ments on MgO: Cu?’, MgO: Ag¥, and CaO: Ag®
similar to those made by Guha and Chase on
Ca0: Cu®* would also be extremely helpful in dis-
tinguishing the differing roles of the JT coupling
terms and random strain in these materials.

TABLE III. Values of average random strain splitting
and tunneling splitting determined for d°® configuration
ions in CaO and MgO.

Lowest 3T & _

System singlet  (cm™) (em) 6/3T Ref.
Ca0:Cu®* A, ~3 2.7 0.67 a
Ca0:Cu® 4 b
Cao: Ag™ A, 3.9 4.7 1.2 c,d
MgO : Cu®* A, 0.12¢ a
MgO : Ag® A, 4.8 0.62 0.13 c

%This work.

bReference 38.

°Reference 15,

9Reference 17.

®Note qualification on this measurement as made in
text.
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V. SUMMARY

The theory of Ham! and Chase!* describing the
transition from dynamic to static JT effects in the
low-temperature EPR spectra of 2E orbital states
has been entirely successful in explaining the
Ca0: Cu? X-band EPR spectrum. Not only has the
theory accurately predicted the (110) and (100)
plane angular variations for CaO: Cu® , it has also
explained in detail the complicated, asymmetric
line shapes observed in the CaO: Cu®** EPR spec-
trum with 11 (111). The close agreement between
theory and experiment for CaO: Cu® in conjunc-
tion with the similar successes obtained in inter-
preting the CaO: Ag® and MgO: Ag® EPR spectra!s’
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provides a convincing validation of the theory. The
incomplete explanation of the MgO: Cu?®* EPR spec-
trum does not necessarily represent an inadequacy
of the theory but is likely only a reflection of the
complexity which results when more than one ex-
cited vibronic state is admixed by random strain,
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