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Electron paramagnetic resonance of copper pairs was observed in CaO:Cu. The spectra are
typical of S =1 in a tetragonal symmetry with the pair axes parallel to the [100], [010], or [001]
directions. The g factor is isotropic, while the hyperfine parameters are highly anisotropic. This
behavior is explained by assigning the spectra to linear Cu?*—02~—Cu?* bonds, where the two
Cu ions of each pair are coupled through the bridging oxygen ion with an antiferrodistortive-
ferromagnetic interaction. The ground state of the pair is composed of a @ state (3z2—r2) of
one Cu?* jon and an e state (x2 —»?) of the other with an exchange constant J =—2 cm™!.

I. INTRODUCTION

Extensive studies have been made on the
electron-paramagnetic-resonance (EPR) spectra of
isolated ion pairs.! In most of these studies the pairs
consisted of similar ions and only very limited work
was done on dissimilar ion pairs. Besides different
ions in the pair, dissimilarity can arise from similar
ions occupying sites of different symmetry? or ions
with the same symmetry but with nonparallel align-
ment of their axes.> An EPR spectrum of isolated
ion pairs possessing an orbitally doubly degenerate
ground state, such as Cu?* in octahedral symmetry,
has to the best of our knowledge not yet been report-
ed by others.* The aim of this work was to investi-
gate the role that orbital degeneracy of Jahn-Teller
(JT) ions plays on the superexchange interaction
between the two ions of the pair, as reflected in the
EPR spectrum. Other experimental techniques were
used previously to study the interaction between
high-density JT ions in an octahedral environment in
magnetic materials. Some of these experimental
results, as well as theoretical studies, were summa-
rized by various authors.”™® Kugel and Khomskii’
theoretically described the exchange coupling of pairs
of JT impurities in a crystal. In this paper we present
the interesting EPR spectrum of Cu?* pairs in CaO
and analyze it.

The EPR spectrum of single Cu?* ions in CaO has
been extensively investigated.!®!! It was interpreted
in terms of the JT effect, in view of the doubly de-
generate electronic (?E,) ground state of Cu®* in the
octahedral crystal field due to the six O?" ligands.
The isotropic high-temperature (77 K) spectrum with
S =% and g =2.220 consists of four lines with the
typical structure of Cu?* due to the two isotopes **Cu
and %Cu, both with 7/ =-;~ and a small difference in
the nuclear magnetic moment. The low-temperature
spectrum (1.3 K) exhibited an intermediate JT ef-
fect!! with 8/3T ==0.67, where & is the mean random
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strain splitting of the ground vibronic doublet £ and
3T is the tunneling splitting between the vibronic
doublet and the first excited singlet 4, or 4,. From
the angular dependence and the line shape of the
EPR spectrum it was deduced that the first excited
singlet of Cu?* in CaO is A4, which means that the
CuO, complex tends to be in a compressed configura-
tion. However, it is usually found!? that the Cu?*
ions occupy an elongated configuration. Cu?* in CaO
was characterized by Guha and Chase'® from Raman
scattering measurements as a system with a strong
linear and a relatively weak nonlinear JT coupling.
(There is an ambiguity in the determination of the JT
energy Ejr. These authors!3 place £;7 in the range of
900—5500 cm™'.) The value of B, the nonlinear JT
coupling constant, was found experimentally to be
—22.5 cm™!. As long as the concentration of the
Cu?* impurities is small, only single-ion spectra are
observed. When doping is high enough, the proba-
bility of two impurities occupying near sites is high.
The interaction between the ions of such pairs gives
rise to spectra which are different from those of the
isolated ions and from which one can learn the struc-
ture of these pair centers.!

The following sections give the experimental pro-
cedure, and the fine and hyperfine structures of the
pair spectrum. The results are discussed and inter-
preted in terms of a static JT model for. two neigh-
boring Cu?* ions bridged by an O~ ion located
between them.

II. EXPERIMENTAL RESULTS AND
INTERPRETATION

A. Experimental
Copper impurities were incorporated by diffusion
into CaO single crystals of 99.9% purity purchased

from W. and C. Spicer Ltd. The crystals were
covered with fine copper powder and heated for 4
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days at 1500 °C. The faces of the crystals were
cleaved mechanically after the diffusion process, to
remove the excess metal. A Varian X-band spec-
trometer was used in the temperature range 1.7—150
K. Complementary measurements were also per-
formed with a Varian Q-band spectrometer.

B. General description of the spectrum

A typical EPR spectrum of Cu doped CaO at 93 K
and 9.079 GHz is shown in Fig. 1. The external field
H above 2000 G was along a [100]-type crystallo-
graphic direction. Below 2000 G, H was along a_
[110]-type direction. The radio-frequency field H;s
was perpendicular to H in both cases. The spectrum
¢ in the frame, which is attenuated by a gain of 11—0, is
ascribed to the Cu?* single-ion transitions with an
isotropic g factor g;, =2.22. The two clusters, denot-
ed by a, and b, are identical in structure and are at-
tributed to ‘““AM = +1” transitions (with the pair
axis along the [100] direction) between energy levels
of Cu?* pairs with § =1, as shown in Fig. 2. Each
cluster exhibits a strange hyperfine structure consist-
ing of 10 lines (instead of the expected 7 lines). This
structure is discussed in Sec. II D, below. Most of
the other absorption lines on both sides of the ¢ spec-
trum belong either to tetragonal Cu?* single ion sites
or to magnetic ions other than Cu?*. From the angu-
lar dependence of the spectrum it seems that the two

GAIN x 4, H 11 [110]

very weak clusters of lines just below the symbols a,
and b, belong to the Cu?* pairs in the [010] or [001]
directions, that is, to pairs having the pair axis per-
pendicular to H. Due to the cubic symmetry of the
CaO matrix (NaCl structure), the same spectra (as in
Fig. 1) are found if instead of H11[100] we have
H1[010], etc.

The cluster of 10 lines denoted by “AM =2 in
Fig. 1 was taken with H 11[110], since it was unob-
servable by H11[100]. The integrated intensity of the
pair spectrum (Fig. 1) is comparable with that of the
single ion. The concentration of Cu ions in the crys-
tal is about 1%. If a random distribution process
takes place during diffusion, the concentration of ion
pairs is expected to be two orders of magnitude
smaller than that of the single ion. Thus it seems
that, when diffused in the CaO matrix, the Cu ions
prefer to occupy neighboring sites so as to form a
linear Cu?*—0?~—Cu?* bond. This is further sup-
ported by the small linewidth of 7 G of the pair lines
which is the same as that of the single ion in the
[111] direction. This means that the pairs are well
isolated from each other, as well as from the single
ions. This also explains why other possible pairs, like
[110] nearest-neighbor Cu?* pairs, are absent from
the spectrum. Another possibility i$ that these other
pairs have a singlet ground state with too high an ex-
change coupling, so that the triplet level is not ther-
mally excited.

The spectrum did not change appreciably after x-
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FIG. 1. The EPR spectrum of CaO:Cu ;xt 93 K and 9.079 GHz. The spectrum in the frame (c) corresponds to the Cu?* sin-
gle ion lines for H11{100] with a gain of 7o - Most of the other lines are ascribed to Cu?* pairs.
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FIG. 2. The energy level diagram for the triplet state of
the Cu?* pair, for H parallel to the pair axis (§=0). The
fine-structure splitting with negative D; value and the Zee-
man term, along with the transitions for X-band experi-
ments are shown. The hyperfine structure, the scale of
which is enlarged by a factor of 10, is shown for the M =1
state. The M = —1 state splits in a similar way but with the
m; and m; states in opposite order. The M =0 state does
not split for §=0.

ray irradiation at room temperature, however after
reduction in hydrogen at 1000 °C the pair spectrum
disappeared.

C. Fine structure

Here we refer to the center of each cluster of the
fine structure of the pair spectrum. The center field
between a) and b, corresponds to g =2.21, a value
which is very close to the isotropic Cu?* single ion g
factor. The experimentally measured centers of the
groups of lines a and b (which for §=0° are the a,
and b, lines of Fig. 1) and of the ““AM =2 clusters,
are plotted (points) in Fig. 3 and are exhibited as a
function of 8, the angle between H and the [100]
direction in the (001) plane. Two other clusters a,
and b, in Fig. 1, which are unaffected by changing 6
are also marked. Rotation in the (110) plane also re-
flects the axial symmetry of the pair spectrum. The
angular behavior confirms that the observed pairs
have axes parallel to the three equivalent [100]-type
directions. Therefore, we will consider pairs of Cu?*
ions of the linear Cu—O—Cu bonds in the [100],
[010], and [001] directions.

Because of overlapping with the single ion spec-
trum, the pair spectrum could be followed over only
part of the range of . The ‘“AM =2’ lines do not
suffer from this limitation and their angular depen-
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FIG. 3. The angular dependence of the fine-structure
transitions of the Cu?* pairs in the (001) plane. The points
represent the experimental results and the solid lines show
the calculated fine structure.

dence is almost complete. A detailed fine-structure
angular dependence of the ““AM =2 lines of [100]
pairs is given in Fig. 4. For H,1H these lines disap-
pear at 6 =0° and 90°. However, for H, I H the lines
were well detected at and around # =90°. The angu-
lar dependence is typical of an § =1 spin and

“AM =2 lines belonging to the ‘‘forbidden”’

M =1+~ M =—1 transition, as shown in Fig. 2.

We shall denote the two ions in the pair by /and j.
The coupling of the two spins of the pair §, and §j,
both having S,'=S,-=—;—, to a fairly pure triplet state
(8 =1) means that the exchange interaction between
the two Cu?* ions is large compared to the Zeeman
and the fine-structure terms. We shall now write out
the Hamiltonian of the pair,' including isotropic ex-
change interaction and a Zeeman term, but excluding
the deformation of the lattice structure,

3 =JS;S; +usS:gH + usS,éH

=JS:8;+5us(S, +5) (g +)H

+%#B(§)—§j)(§i_§j)ﬁ » (1)
® 1500
o
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FIG. 4. Angular dependence of the fine structure of the
“AM =2 lines for the Cu?* pairs with pair axes parallel to
the crystallographic [100] direction. The points represent
the experimental results and the solid line shows the calcu-
lated fine structure.
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where J is the isotropic exchange constant, wp is the
Bohr magneton and &, §; are the g tensors for the
two ions. For a large exchange, such that

‘Jl >> (gi+gj)MBH ,

the two spins are coupled into S =S, +S, with § =0
(singlet) and S =1 (triplet) states. In the case of axi-
al symmetry, with z as the pair axis direction, the g
tensors are diagonal with principal values g, and g,.
The last term in Eq. (1) is off diagonal in this
scheme and vanishes for two identical ions, since
then g;=§;.

For the axial system in its S =1 state, one can
write a spin Hamiltonian, adding also an electric
quadrupole term,!

¥=gyupH.S, +g,up(HS, + H,S,)
+D,[8}-3S(S+1] , 2)

where gy= 5 (gl +&1), g.= 3 (gl +¢1), and
Dy=3a;D, + B;D.. The term D, represents the an-
isotropic interaction with axial symmetry, D, is the
second-degree crystal-field term of the single ion and
ag and B; are coefficients defined in Ref. 1. For
S,-=S,=%, we have B;,=0, D, =0, and «; =%.
3ayD,=Dp +Dg, where Dp =—3a,g,8ub/rj is the
dipolar part of the spin-spin interaction with r; the
distance between the two Cu?* ions. Dy is a pseudo-
dipolar term which might originate from exchange
anisotropy. Though the observed fine structure is
highly anisotropic, the symmetry of the experimental
spectrum around g =2.21 (Fig. 2) surprisingly sug-
gests an isotropic g factor for the pair. Therefore,
empirically, we can simplify Eq. (2) to take the form

¥ =gusS-H+D,S}-35(S+1)] 3)

with |Ds| = (703 £5) x 10™* cm™. Substituting r;
=4.9 A into the definition of Dp, one gets
Dp=-270x10"*cm™. Thus |Dg| > |Dp|, as was
also found for other pairs.

The Hamiltonian (3) can be written!4
K =gupS/H +5D,[5>—35(S+1)1(3cos?9—1)
—D,(S8,S; +5,8;) cosfsing
++D(SE—82)sin%0 )

where z’ is the direction of the applied field H, 6 is
the angle between z’ and the pair axis z, and S, is the
spin component in the z’ direction.

We used a computer program for exact diagonaliza-
tion of the spin Hamiltonian (4). The calculated an-
gular dependence of the fine structure, using the
parameters in Table I, is given by solid lines in Fig. 3.
For the X band the intensity of the ““AM =2’ lines
for H,;L H and 8=45° was calculated to be about one
tenth that of the ““AM =1 lines (a and b) and to
vanish when 6 approaches 0° or 90°. This we ob-
served experimentally. The experimental point
8 =90° was obtained for H,/|H. The calculated an-
gular dependence of the ‘““AM =2’ transition for the
[100] pair only is shown in Fig. 4. The good agree-
ment between calculation and experiment in Figs. 2
and 3 verifies that we observe an S =1 state with
[100] symmetry.

The spectrum at the Q band was essentially the
same, except that the “AM =2"’ lines were not ob-
served. Calculations show that these lines are an or-
der of magnitude weaker in the Q band than in the X
band, and could not be observed with the sensitivity
of our apparatus. The distance between ay and b,
lines is 2D ;=1340 x 10~ cm™! for the Q band. This
frequency dependence of the fine-structure splitting
will be discussed later (Sec. IVB).

The spectrum was investigated at different tem-
peratures, in the range 1.7—150 K, in order to study
the dependence of the various parameters on tem-
perature. From the temperature dependence of the
intensity of the EPR transitions, useful information
on the magnitude of J and the sign of D, can be ob-
tained. A uniform increase in the intensity of the
various components of the pair spectrum was ob-
served with cooling down to 4.2 K. Below this tem-
perature the a lines become more intense than the

TABLE 1. Parameters of copper-ion pairs in CaO.

Hyperfine constants: 6 state

A =(72£2) x10™* cm™}; 4;,=(0£2) x10™ cm™!

€ state Aj=(~144 £2) x107* ecm™; 4;;=(-41£2) x10™* cm™!
g factor: £ =2212%0.005
Exchange constant: J=-20 cm™!
Zero-field splitting: Dy=(—703 £5) x10™* cm™!
Contact term parameters: kg=0.09

K =0.61
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by lines. This yields a negative sign for D, and sug-
gests that the a lines are the transitions between the

=—1 and M =0 levels, as shown in Fig. 2. Exact
calculations even give quantitative agreement with
the experimental ratio of % between the intensities of
the a, and b clusters at 1.7 K. From the measured
value of D and the calculated value of Dp one ob-
tains Dy =—430x10"* cm~!. The measured D
value was temperature independent. The average in-
tensity of the spectrum increases by a factor of 3 on
cooling from 4.2 to 1.7 K. This indicates that the iso-
tropic exchange is either ferromagnetic or weakly an-
tiferromagnetic with / <1 cm™. At 1.7 K the pair
spectrum shows saturation effects at rf powers higher
than 1 uW, while the single ion spectrum is saturated
at much higher power. It should be noted that at 1.7
K the Cu?* single ion exhibits a quasi-static Jahn-
Teller effect,!! reflected by the splitting of the isotro-
pic spectrum into two asymmetrical components,
while the pair spectrum still has an isotropic g factor.
The energy levels of the Cu?* pair are discussed in
Sec. III where these results are explained.

D. Hyperfine structure

For a pair of similar ions and a resolved hyperfine
structure, each component of the structure splits into
41 +1 lines with a spectral weight of 1:2:3:...:2/ +1:
...:3:2:1 [a total weight of (27 +1)2]. The separa-
tion between adjacent lines is equal to half of that of
the single ion.! When such a spectrum is observed it
provides unambiguous proof that it is due to a pair
center. This was the case of Cu?* pairs in some ma-
trices™ !5 with lower than cubic symmetry and in the
case of Mn?* pairs in Ca0.!®

For a pair of identical Cu?* ions with J >> 4,
where A4 is the hyperfine.constant, we expected, for
each of the fine structure components a, b, and
“AM =2, a hyperfine structure of 7 equally separat-
ed lines with relative intensities of 1:2:3:4:3:2:1 [with
a total weight of (2/ +1)2=16].! Copper has two
isotopes, ©Cu and ®*Cu, with natural abundances of
69.09% and 30.91%, respectively, both with a nuclear
spin [ = % The ratio of the nuclear magnetic mo-

ments of the two isotopes is ®un/®uy =1.071. This
should give rise to a small structure in each of the
above 7 lines. For a pair of two Cu?* ions in
equivalent sites the mean separation between two ad-
jacent lines at 77 K should be about 10.9 x 10~ cm™'
which is half of the %3Cu?* single ion hyperfine con-
stant (or about 10 G). The observed hyperfine struc-
ture is entirely different, as given in detail in Fig.
5(a) for the a, cluster of Fig. 1. The 10 lines have a
spectral weight of 1:1:2:2:2:2:2:2:1:1, again summing
up to 16. This result indicates that the two Cu?* ions
of the pair are not equivalent.

The hyperfine interaction adds a term to the pair

(a)
(b)
IUJ dl' [l il l(l. 'Ih
| | I ]
2100 2200 2300 2400

MAGNETIC FIELD (G)

FIG. 5. (a) The detailed hyperfine structure of the a,
lines. (b) The corresponding stick diagram with A4; =24;
(see Fig. 2). The two copper isotopes are taken into ac-
count. This is shown by the splitting of each of the 10 lines.

Hamiltonian, Eq. (1), which for large exchange and
S;=S; takes the form'

Kp=3SUAT +A4T) . (5)

Here A, and /f,- are the hyperfine tensors of nuclei /
and Jj, respectively, including the transferred hyper-
fine interaction between each of the two Cu?* ions
and the nucleus of the other.! Only one isotope of
Cu?* is considered for simplicity. For only small
mixing between the |M ) states which might arise,
for instance, from a D, term, Eq. (5) might be writ-
ten as -;—M(A,»m,« +A,m;), where m; and m; are the
eigenvalues of I,; and /,;, respectively. This is the
case for H parallel to the pair axis. Transitions with
AM =1 and Am;=Am;=0 for A;))=A;) yield the
usual 7 lines of the hyperfine structure for two ident-
ical ions with / =% as discussed above. If, however,

Aj|| =24, a spectrum with 10 lines is obtained with
the spectral weight described above. The right-hand
part of Fig. 2 shows how the M = +1 states split into
10 levels due to Eq. (5). Now for §=0, the M =0
state does not have a hyperfine splitting (which is not
the case for 8 =0, due to mixing between the |M)
states as will be discussed later). Then there should
be ten |AM| =1, Am;=Am,;=0 transitions. The ex-
act stick diagram for this case, taking into account the
possible combinations of the two Cu isotopes and
their abundances, is given in Fig. 5(b) for [A4,]
=144 x10* cm™ =2 |94,)|. The excellent
agreement with the experimental results [Fig. 5(a)]
confirms that the spectrum belongs to copper pairs,
and to unequivalent ions with |A;| =2[4,[. (The
factor 2 is precise up to some percents.) Since the
“AM = %1 lines could be followed only for limited
values of 6, we chose to analyze the angular depen-
dence of the hyperfine structure from the behavior of
the ““AM =27 cluster. As mentioned above for H
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parallel to the pair axis (#=0), there is almost no
mixing between the |M) states and the “AM =2"
lines are not observed. For H perpendicular to the
pair axis (6=90°), the Hamiltonian (4) admixes only
the | +1) and |—1) states, thus with H,LH the tran-
sition probability also vanishes for this direction.
These lines are observable for 8 = 0°, 9 = 90° with
maximum intensity at # =45°. The [110] direction is
convenient for ﬁ,fiﬁ since the two pairs with axes
along the [100] and the [010] directions are
equivalent (#=45°) and the third pair, aligned along
the [001] direction, has #=90° and thus does not
show up, as explained above. The spectrum of the
“AM =2 cluster in the [110] direction is given in
Fig. 6(a). The structure of the 10 lines is essentially
unaltered. The spectrum at # =90° was studied with
H,fllﬁ. The Hamiltonian in Eq. (4) shows that for
this geometry there is a finite transition probability
only for one kind of pairs (along the [001] direction).
The spectrum is now composed of only 4 lines [Fig.
6(b)1, which is possible only if one of the hyperfine
constants A;; or 4;, vanishes.

The angular dependence of the hyperfine structure
of the “AM =2’ lines is given in Fig. 7(a). Obvi-
ously 4; and A4; are highly anisotropic. Figure 7(b)
shows a calculated, angle-dependent, hyperfine struc-
ture with

AR = (AR gt cos?0 + A} g} sin?9) /g? , Q)

where k =i,j. Here g, and g, are the components of
the g factor of the pair, which in our case is isotropic,

(a)
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FIG. 6. The hyperfine structure of the ““AM =2"’ lines.
(a) For H ||[110] and H,;1H(9=45°). (b) for HL[100)
and H 1 (6=90°).

gn=2g,=8 The hyperfine parameters which were
used are given in Table I. The calculation of these
values takes into account the mixing between the

| M) states due to the D, term, up to the second-
order perturbation term (6% mixing for §=90°).
The agreement between the observed and calculated
angular dependence is good (Fig. 7). The small
differences might be due to nuclear quadrupole in-
teractions. The angular dependence of the hyperfine
splitting of the ‘““AM = +1”’ lines could be followed
only for limited 6 values up to 6 =45° for the a lines
and up to 6 =230° for the b lines. The angular
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FIG. 7. The angular dependence of the ‘‘AM =2’ lines. The figure shows only the lines of the pairs with axes parallel to
[001]. 6 is the angle of the magnetic field with respect to this direction. (a) Experimental results (the solid lines are a guide for

the eye only), (b) calculated lines.
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dependence shows a very peculiar behavior. The
splitting of the a lines slowly increases from 34.8 G at
0=0° to about 39 G at #=40° and decreases for
higher 8 values, while the splitting of the & lines de-
creases with @ much faster than that of the

“AM =2 lines, from 34.8 G at #=0° to about 25 G
at §=30°. However, the average of the hyperfine
splitting of the a and b lines for each 6 agrees well
with the corresponding splitting of the ““‘AM =2’
lines. The different angular dependence of the hy-
perfine structures was explained to be due to a large
amount of mixing of |M #0) states into the

lM =0) state, which causes, for § 0, a nonzero
value of (M) for the latter state.!” By numerical di-
agonalization of a Hamiltonian which combines Eqgs.
(3) and (5) we could reproduce exactly the same
behavior. Thus, using the parameters in Table I, the
calculated hyperfine splittings for the a and & lines as
a function of 6 agree with the above experimental
results.

The hyperfine constants of the pair were found to
be slightly temperature dependent. The splittings of
Ay increased by about 3.5% at 93 K as compared to
4.2 K. It should be noted that at 1.7 K, where the
Am;=Am; =0 lines were easily saturated, we were
able to observe (unsaturated) forbidden Am #0 lines
with transition probabilities much smaller than those
of the Am =0 transitions.

III. THEORETICAL INTERPRETATION OF
THE PAIR CENTER

A. Vibronic coupling

The copper pair, aligned along a [001] type direc-
tion with a bridging oxygen (the 180° Cu?*—0?"—
Cu/* bond), forms a cluster which is shown in Fig.
8. The ground state of the Cu?* single ion in the oc-
tahedral crystal field of CaO is an orbital doublet
2E(t§,€2), and is thus subject to a Jahn-Teller effect.
It is helpful to consider the t$,¢; configuration as a
single hole state in the eg“ closed shell, with com-
ponents |6) and |e) which transform as
(1//6) (222 — x2—y?) and (1/+/2) (x2—y?), respec-
tively. Reynolds et al.!' have shown that the first ex-
cited singlet of Cu?*in CaO is 4;. Thus the CuOg
octahedron in CaO has a tendency to be compressed
and to occupy the |8) vibronic state. Suppose that
one Cu?*ion (/) undergoes a JT effect, resulting in a
|6) ground state, i.e., a compression of the O?~ oc-
tahedron in the z direction (where z is the pair axis).
This will shorten the bond from the bridging oxygen
to the ith Cu?* ion while that to the jth ion will be
elongated. The elongation of the oxygen octahedron
surrounding the jth Cu?* jon will reduce the energy
of the |¢;) state with respect to the |9;) state. Thus,
physically, the net interaction between the Cu?* ion
pair is antiferrodistortive leading to a combined

O o* -
o & f
® CUZ' Z
(a)
ELECTRONIC STATE: |8;> &>

FIG. 8. The ionic cluster surrounding the copper pair.
(a) The oxygen octahedron about the / copper (on the left)
is compressed (arrowheaded lines), while that about the j
copper is elongated. (b) The type of interaction between
pairs of oxygens which gives rise to the coupling "‘Kz"}i"'e}.
is indicated by broken lines. One expects that due to this in-
teraction both oxygens in the pair will move in the same
sense (arrowheaded lines).

|6,) |e;) ground state. It should be noted that the
above argument is valid if the interaction of the pair
overcomes the tendency of both CuOg4 octahedra to
be in compressed configurations. We shall presently
justify this for Cu in CaO.

The treatment of the pair cluster follows the
analysis of the cooperative distortions in
perovskites.®® In the model given in Ref. 6(b), it is
assumed that the various oxygen ions move indepen-
dently of each other, i.e., that there is no oxygen-
oxygen coupling. The force constant for the stretch
of the bridging oxygen with respect to a copper ion is
M »? while M,w? represents the force constant for
the relative motion of the two copper ions. Clearly
the latter quantity also incorporates the resistance of
the CaO lattice to compression of the cluster. The
static approximation is then adopted. This amounts
to neglecting the kinetic energy of the ionic motion
and extremizing the vibrational potential plus elec-
tron vibration interaction, shown in Eq. (1) of Ref.
6(b). The validity of the static approximation is
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based on the zero point energy being low relative to
the vibronic stabilization energy or that Ejp/fw >> 1.
Within the bounds of the estimates of Refs. 11 and
13 for CuO¢ (Eyr =900—6000 cm™!, fw =300 cm™),
the static approximation is satisfied. We describe the
2E state in the two-dimensional orbital space (pseu-
dospin —;—) where

lek)=[(1)]k, |£k>=[(l)]k, with k=ij . (D)

The correlation energy between the orbital states of
the two ions isé®

®

— K2
Keor=K 0'0,.0'0!
with

K*=[M,0l/{(Mo?+2M.02) 1L} 12ks . )

L (<0) is a measure (with dimensions of energy),
linear in the electron-vibrational coupling. The o are
the Pauli matrices

[~10]  fo1
=lo 1) =10

in the orbital spaces of the centers.

Equation (8) is an appropriate expression for the
tetragonal symmetry of the cluster. This symmetry
also allows a term

(10)

Jcclorr =aK20'¢,0'zj 8)
One can indeed obtain this term from a reasonable
physical model (for the cluster or for its extension)
by incorporating an interaction between nonbridging
oxygens [Fig. 8(b)]. On the basis of the model one
expects the coefficient to be negative (ferrodistortive
coupling) and small compared with unity. One can
then postulate wave functions on the two copper sites
of the form

[i) =cose;|,) +sing,|e;) |
lj) =cosd,|0,) +sing;le;)

and minimize the expectation values of the correla-
tion Hamiltonians (8) and (8'), with respect to ¢; and
¢;. The expectation value is

Ecorr=K?(cos2¢;c0s2¢; + asin2¢;sin2¢;) ,
which is minimal for —a <1 at
¢;=0, ¢,=7/2

or vice versa. The symmetry of the resulting corre-
lated states is discussed in the Appendix.

2b?

3Cse=—U_

d
142
U

12§i'§j lO’oi(ng - ((Tgl + (ng) +

1-—
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We thus have, in the correlation Hamiltonian (8),
an antiferrodistortive coupling between the two Cu?*
jons, meaning that the off-center displacement of the
bridging oxygen favors occupation of the alternative
states |8) and |e) by the two cations. If the non-
linear terms of the vibronic Hamiltonian represented
by | 8| were large, the orbital ordering would be dzz

for one center and dx2 or dy; for the other, in the

case of negative 8 (compressed octahedron).!®* For
positive 8 the corresponding orbital ordering would
be dx2—y2 and either dzz_yz ord, » (elongated oc-

tahedron).’ In both cases the symmetry of the pair
center would be orthorhombic rather than tetragonal.
Such a lower symmetry is not consistent with the iso-
tropic g factor and the tetragonal dependence of the
hyperfine structure that were obtained in our experi-
ments.

From Raman scattering measurements Guha and
Chase"® found a value of —22.5 cm™! for 8 in the
Ca0:Cu?* system. Thus the CaO:Cu?* system is one
of strong linear (E;p/fw >>1) and weak nonlinear
(|B|/Ew << 1) vibronic coupling. [Strong nonlinear
coupling (with 8=500 cm™!) occurs in some Cu?*
complexes, Appendix IX in Ref. 18.] To estimate
the correlation energy K? in Eq. (8), we note that the
square bracket of Eq. (9) is smaller than 1 and prob-
ably about -;— Further, according to Refs. 11 and 19,

LY (12kw) = %EJT =4000 cm™!, so that the interac-

tion between the pairs, Eq. (8), is of order of 103
cm™! and is clearly larger than |8| which represents
the tendency to discriminate between compressed and
elongated configurations.

B. Superexchange coupling

The JT effect plays an important role in the mag-
netic interaction between the two Cu?* ions. The
second-order 180° superexchange interaction between
state |6,) in site i and |¢,) in site j via the bridging
oxygen vanishes for symmetry reasons®'® since the
overlap integral between the p 02— orbitals on the

bridging oxygen and the Iej) orbital vanishes as does
the direct overlap of |6;) and |¢;). Only a third-
order coupling through an excited state will contri-
bute to an effective interaction between the spins S;
and S;. Such an excited state is the [0,) state of the
Jj-th ion. Kugel and Khomskii®® discuss this case.
According to their model, an electron can only jump
from [8;) to |8,) without changing its spin direction
S,. The superexchange Hamiltonian is then given by’

1
*t7

(11)

g
1+U

+((Tgl+0'gj)]] ,

(Tgi(ng
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where dis the exchange integral between |0) and |e€)
in the same ion. dis greater than zero. U is the
Coulomb interaction between these two states and b
is the transfer integral for the jump |6,) —16,), cor-
responding to the overlap via the bridging oxygen.
Applying 3, to the |6,)|e,) state, the spin-spin in-
teraction is found to be

which is ferromagnetic with an effective exchange
constant J =—852J/U2. It should be noted that 3C,
itself would give rise to a ferrodistortive-antifer-
romagnetic ground state for the pair. It is only be-
cause of the dominance of JC.,, that the ground state
is antiferrodistortive ferromagnetic. For this to be
the case it is required that K2 > 1262/U.

1V. DISCUSSION
A. Parameters of the spin Hamiltonian

In this section we discuss the parameters of the
fine structure and hyperfine structure of the pair of
Cu?* ions with a |6,)|€;) orbital ground state. The g
factors and the hyperfine constants for a single Cu?*
jon are given by!!

g1=81 7298 81=81 %48 , (12)
Ay=A,52q4,, A;=A,%q4, , (13)

where the upper sign is appropriate for |0) and the
lower sign for |e) states. g;and g,, 4, and A4, are
the isotropic and anisotropic parts of the g factor and
the hyperfine constant, respectively. ¢ is the Ham®®
reduction factor and is equal to % for a strong linear
JT coupling.

" The second-order expressions for g, and g, (with
g= %) may be written as?!

2
-5

n

2
n=—4 A] -2 [A] s
gz [A n A n

where n =6, €, and g, =2.0023 is the free-electron g
factor, A is the spin-orbit coupling which is negative
for an 2E hole state, and A =10Dq is the cubic
crystal-field splitting, as above. Covalency effects
were neglected. They may be introduced through an
orbital reduction factor k whose effect is only to
change the ratio A/A to kA/A.2!

The g values for the pair are the average of the sin-
gle ion g factors in the particular direction [Eq. (2)].
Thus gf =%(ng +gf) and gf =%(gf +gf), where

A A
n—g 4| A
=& A A

n

(14)

g? denotes the g factor of the pair.

The observed isotropic g value of the pair yields
g?=g,P=g,”. This can be achieved only if the
tetragonal field affects the § and € centers as a small
perturbation which can be neglected. Thus
(MA)g=(A/A). and

2
f=gf=&—4[§]—5[%] (n=0,¢) (15)

which is also the expression of the g value of the sin-
gle ion in the regime of fast averaging of the JT spec-
trum. The experimental value of g,=2.21 yields
(A/A) =—0.055. This value is very close to that of
the single ion (A/A=—0.057). It should be noted
that for a strongly coupled pair g7(8) = [(gf cos8)?
+ (g% sin6)?]"/? and the fact that g = g% gives rise to
an isotropic g?(9). This means that the anisotropic g
value of the two ions does not influence the pair
spectra even for 8 = 0°, 90°.

The hyperfine constants 4, and 4, are given by?!

; Af=—PlT+F

(n=0,¢) . (16)

i+ﬁA]

Here P =2yyupuy{r=>), where yy and uy are the
nuclear gyromagnetic (magnetogyric) ratio and the
nuclear magneton, respectively. (r=) is the one
electron average of r~> and « is the core polarization
factor characterizing the contact hyperfine interaction.
We used the same value of P for both |6,) and |¢,).
Though there is no experimental proof that the radial
average (r) is the same for both states, this type of
average is the one that makes up the spin-orbit-
coupling coefficient A, which is equal for both states
since, as mentioned above, we have an isotropic g
factor for the pair spectrum. Since 4, depends only
on Pand A/A, we conclude that 4§ =A4%. To be con-
sistent with Eq. (13), we choose negative signs for
both 4§ and 4 f and a positive sign for 4{. Substi-
tuting the value A/A =—0.055 and the measured hy-
perfine constants from Table I into Egs. (13) and
(16), one gets A =—68 x 10™* cm™! and

Af =—48 x10~* cm™!. Taking the mean value
—58x10"*cm™ of Afand A4, we get P =190 x 10~*
cm™!, which corresponds to (r™°) =4.32 a.u. Substi-
tuting the value of Pinto 47 of Eq. (16) yields
kg=0.09 and «,=0.61.

In most cases the Cu?* ion occupies the |e€) state.
Negative signs for 4 f and A4 f were assumed by many
authors.?? Reynolds er al.!! obtained (for
g=7)Af=%79x10*cm™ and Af =27 x 107
cm™! for Cu?* single ions in CaO which occupy main-
ly the |@) state. These results are in good agreement
with our results for 4°. The proposed value of P is
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compatible with the range (130—360) x 10™* cm™!
obtained for Cu?* in some other hosts.!> Hartree-
Fock calculations for the free Cu?* ion give a value
of 390 x 10~ cm~'.2* A value of k,==0.002 was ob-
tained for Cu?* in Ca0,!! while for k, in MgO a value
of =0.3 was obtained.!? Our estimate for «.(0.61) is
somewhat larger than these obtained in the literature.
However, the net spin density X =~ %K (r3)y=-4
a.u. is very close to that reported in the literature.??
The great difference between «y and x, can not be
explained within our model by the tetragonal sym-
metry, since this should lead to nonequal values of
M A and A4, for the two states. However, a different
extent of admixing by the oxygen 4s wave function
into |9,) and Ie,) ground states, which gives a posi-
tive contribution to the net spin density on the nu-
clei, may be the source of the difference in kg and «..
It should be noted that the ratio |4 /4| =2,
shown in Sec. II D seems to be accidental.

B. Exchange interaction

The rigid-lattice Hamiltonian of the isotropic ex-
change interaction between the spins of the pair was
given in Eq. (1). In the level scheme of |SM) and
for diagonal g tensors this Hamiltonian has off-
diagonal terms only between the M =0 states. The
matrix for the |00) and |10) levels is given by

looy: |-3u Azi,LBH
an
A ’
oy: | Stusl 3

where Ag =g; —g; which is equal to 2g,=0.43 for
6=0. Suppose that J is negative (ferromagnetic cou-
pling) so that [00) is higher in energy. |10) is thus
pushed down, relative to |1 £1), by

AE =—3{J+12+(AgupH))' ) +J . (18)

Since D, <0 and =0 (Fig. 2), this has the effect of
reducing the fine structure splitting which is due to
the D, term (within |AM| =1 transitions). In
second-order perturbation the effect is proportional to
H?. Experimentally in the higher-field measurements
(Q band) the splitting was smaller than for the lower
fields (X band). This implies directly that J and Dj
have the same sign, or since Dy <0, we find that

J < 0. Only this combination of signs is compatible
with our results.

Besides determining its sign, it is also possible to
calculate the value of J on the basis of the experi-
mental results. The effective fine structure splitting
for =0 is 2D%; =1406 X 10~* cm™! for the X-band
measurements with // = 3000 G compared with
2D% =1340 x 10~ cm™! for the Q-band measure-

ments with H =10600 G. DX; — D% corresponds to
the variation in AE according to Eq. (18) with the
change in H when going from X band to Q band.
With Ag =g — & =0.43 and g =2.21 we obtain
J=-2.0cm™!. This is the exchange constant when
both §i and §J are parallel to the pair direction. The
exchange might also have an anisotropic part** which
gives rise to the term Dg, discussed in Sec. II. Its
value is about 0.04 cm™!. Evidently, this is rather
small.

Since the matrix (17) admixes the |10) state into
the |00) state it should be possible to observe the
““forbidden transition AS =0’ between, for instance,
[00) and |11) states. With the above value of J
these transitions are expected at about H =17000 G
for # =0 and X-band frequencies, with good intensity
at 4.2 K.

Substituting the values of J =—2 cm™,
U=4.7x10*cm~! (Ref. 19) andJ =8 x 10° cm™!
into J =—8b2J/U? one gets |b| =260 cm™'. This
value is much smaller than the value b =1500 cm™!,
obtained from the approximation'® » = A/6 for
|6;) —16,) overlapping in the case of antiferromag-
netic coupling between the two spins.

The inequality at the end of Sec. III, giving the cri-
terion for the dominance of the vibronic over the su-
perexchange coupling, can be directly estimated from
the above expression for J. The right-hand side of
the inequality, 12b6%/U, is then about 20 cm™', which
is clearly smaller than our estimate for K?( =103
cm™'), based on E;r=6000 cm™! and also smaller
than more cautious estimates arising from lower
values of the Jahn-Teller energy.!* On the other
hand, the substitution of the value 1500 cm™ for b
would raise the right-hand side of the inequality to
600 cm™!. The effect that matrix (17) has on the an-
gular dependence of the fine structure (Figs. 3 and 4)
is rather small (less than 2 G for the X-band, and
less than 8 G for the Q-band experiments) and could
not be observed.

V. CONCLUSION

The introduction of a high concentration of copper
ions into the CaO matrix led to the study of the in-
teraction between Jahn-Teller ions. The EPR spectra
of these ions were clear and could be precisely
parametrized in order to analyze the ground state of
such Jahn-Teller pairs.

Besides the single-ion line we received high-
intensity triplet spectra which implies that we ob-
served Cu?* pairs coupled to S =1. The angular
dependence of the spectra shows tetragonal symmetry
with the axial direction parallel to one of the
equivalent [100] cubic directions. If we consider the
nearest sites that have this symmetry, we find that
the observed pairs are next nearest neighbors form-
ing linear Cu?*—02"—Cu?* bonds. From the narrow
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linewidth of the pair spectra, from their high intensity
compared with the single ion line and the absence of
lines of other types of pairs, we conclude that the
Cu?* jons in CaO prefer clustering with these linear
bonds. Comparable concentrations of other types of
pairs would be observable with our apparatus, if they
had a ferromagnetic exchange interaction or (in the
upper ranges of the temperatures) if they had an an-
tiferromagnetic coupling with J <500 cm™'. We
could not observe any such other pairs. This indi-
cates that due to the diffusion for long time at high
temperatures (1500 °C, kT =1230 cm™!) the ions are
trapped in clusters with high £;7(=6000 cm™).

The value of the fine-structure splitting D, of the
observed pairs is about two and a half times larger
than the one calculated for the dipolar interaction.
This might arise from an anisotropic exchange cou-
pling. The sign of D was found to be negative as ex-
pected for the dipolar interaction.

From the difference between the fine-structure
splitting in the X-band and Q-band measurements
and from the temperature dependence of the intensi-
ty of the spectra, one deduces that the pairs are fer-
romagnetically coupled with J =—2.0 cm~!, while
the usual 180° superexchange coupling between simi-
lar ions is expected to be antiferromagnetic.

The hyperfine structure spectra show splitting due
to the two copper isotopes, confirming that the spec-
tra are indeed from Cu?* pairs. However, they are
highly anisotropic (with tetragonal symmetry) and do
not have the structure of pairs of similar ions. It is
thus concluded that the ions of the pair have dif-
ferent ground states. Analyzing all possible states for
the Cu?*—0?~—Cu?* cluster, in view of the tetragonal
symmetry of the spectra and the observed isotropic g
factor, we found that the two copper ions are subject
to vibronic coupling leading to a strong antiferrodis-
tortive interaction along the pair axis. This gives rise
to a ground state of the pair which consists of a static
|6) on one ion and an |€) on the other. This in-
teraction contributes to the preference, noted above,
of the Cu?* ions to form linear pair clusters.

The basic causes for the observed situation are the
electronic degeneracy in the individual copper ions,
the strong, or moderately strong, linear Jahn-Teller
interaction (E;r) and the weak anisotropic coupling
(B) which tolerates the domination of the pair in-
teraction (antiferrodistortive). It would be interesting
to observe pairs in other systems with similar charac-
teristics.
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APPENDIX A: STRUCTURE OF THE
ORBITAL-VIBRATIONAL GROUND STATE

In Sec. III A we argued that vibronic coupling
favors a pair configuration in which the two copper
ions occupy diffferent states of the degenerate level.
The structure of the ground-state solution will now
be shown to depend on a potential V,, in the region
of overlap between the right and left displaced posi-
tion of the bridging oxygen, on the random strain e,
of odd symmetry locally differentiating between the
two copper sites and on V, the corresponding strain
coupling coefficient. If the two sites are fully
equivalent then, in the notation of Sec. III A, the
orbit-vibrational states will have the even-odd (e/0)

form

lpe/o=f(‘z _ZO)Iol>l£j> i/(Z +ZO)|51)‘91> .
(A1)

Here Z is the coordinate of the bridging oxygen with
respect to its motion between the cations, f is the
wave function describing the motion relative to the
equilibrium positions + Zg= + |K |[(2/M )2, In
the static approximation f2 is a delta function. The
sign in Eq. (A1) corresponding to the ground state
will depend on the overlap potential V.

If, however, there is an odd-symmetry local strain
e,, such that

OVoy << Vyey (A2)

one or the other of the terms in Eq. (A1) will be the
ground state. (This is the static limit or the frozen-in
configuration.) The overlap

o= [1(z-201(z+2paz

and the effective potential V, in the overlap region
which mixes the electronic states in the two parts of
Eq. (A1) appear in Eq. (A2). Physically the in-
terelectronic Coulomb interaction or exchange can
cause mixing. In practice the right-hand side of (A2)
is of the order of 1 cm™! and for strong coupling
(K?%/kw >> 1) the inequality is likely to hold,
although it is not easily estimated. If the two
members of (A2) are comparable, the wave function
is not simple. Even so, the considerations in the text
are probably unchanged, as regards the interpretation
of the EPR spectrum. This follows since the two
parts of (A1) are only coupled by a two-electron
operator.
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