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The electric field gradients and nuclear quadrupole coupling constants are calculated for La in

La2Cu04, Eu in EuBa2Cu307, and Cu and Fe (as a replacement for Cu) in YBa2Cus07. We use

an ionic model which regards the high-T, superconductors as primarily ionic crystals modified by

the introduction of a relatively small number of charge carriers via doping in La2Cu04 and non-

stoichiometry in YBa2Cu307-& for 8&0.5. Good agreement between theory and experiment is

obtained for the spherically symmetric free-ion species La + and Eu + with distortion of the par-

tially filled Eu3+ Fo state by the ionic crystal field playing an important role. Comparison of
theory and experiment for the Cu and Fe cases suggests Cu is present largely as Cu + and sup-

ports the assignment of the low- and high-frequency nuclear quadrupole resonance lines to the
chain and plane sites of YBa2Cu307, respectively, while Fe is present as a mixture of Fe + (ca.
25% to 50%) and Fe3+.

INTRODUCTION THEORY AND DISCUSSION

Nuclear magnetic resonance (NMR), nuclear quadru-
pole resonance (NQR), and Mossbauer spectroscopies are
especially useful methods for investigating the structure of
solids because the observed shifts and splittings of the nu-
clear resonance lines often can be interpreted with the aid
of relatively simple semiempirical theories to yield impor-
tant information about the electronic structure of the ma-
terial being investigated. Considerable progress has al-
ready been made in application of these techniques to
high-T, superconductors, with some of the most useful in-
formation obtained so far being the nuclear electric quad-
rupole splittings of such nuclei as '39La in LaqCu04 and
(La1-,Sr„)2Cu04 (Refs. 1 and 2), ' 'Eu in EuBa2Cu307
(Ref. 3), Cu in YBazCu307 (Refs. 4-6) and perhaps
LazCu04 also, ' and s~Fe introduced as a substitute for Cu
in YBazCu307.

Here we discuss these quadrupole splittings and their
implications for the electronic environment around the
various ions using a model that regards the high-T, super-
conductors as primarily ionic crystals modified by the in-
troduction of a relatively small number of charge carriers
by alkaline earth doping in La2Cu04 and non-
stoichiometry in YBa2Cu307-s for 6&0.5 (Ref. 12).
The electric quadrupole splittings can be calculated using
this model together with certain assumptions about the
electronic structures of the open-shell Cu and Fe iona.
Comparison of the calculated values with experiment pro-
vides both a test of the ionic model and information about
the electronic states and bonding interactions of the vari-
ous ions. For the La and Eu nuclei the calculated values
agree well with experiment. The results for Cu and Fe are
more complicated because of the open-shell structure of
these ions, and although they agree with experiment for
reasonable assumptions about the charge states of the Cu
and Fe ions, they also raise interesting questions for fur-
ther experimental and theoretical investigation.

In systems of this type, the nuclear electric quadrupole
interaction, e qQ where Q is the nuclear quadrupole mo-

ment and q is the electric field gradient at the nucleus and

strictly speaking is a tensor quantity, will be composed of
an intra-atomic or valence term [denoted (e 2qQ)„,1) if the
quadrupolar nucleus is located in an atom or ion having
incomplete, and thus nonspherically, symmetric valence
shells, and a term which is due to all contributions from
ions and atoms other than the subject atom or ion [denot-
ed (e2qQ)l, t]. It is well known, however, that the lattice
contributions usually are indirect rather than direct ones
in that they result from distortion of the atomic or ionic
orbitals of the subject atom or ion by the lattice interac-
tions, the classic example being the Sternheimer an-

tishielding which increases, often greatly, the contribution
of an external ionic charge to e2qQ. '3 Also, for a species
with low-lying excited states, such as the manifold of J
states produced by spin-orbit coupling in Eu3+ (4f) s, dis-
tortion of the spherically symmetric ground state of the
free ion by the crystal field of the surrounding ions may
contribute significantly to (e2qQ)1,&.

La in La2Cu04

The computation of the ionic contribution to e qQ is
well illustrated by this case which is the simplest because
La is undoubtedly present in LazCu04 and (La1 —,-
Sr, )2Cu04 as the closed-shell La3+ ion. Thus, the quad-
rupole splitting should be determined solely by the electric
field gradient of the surrounding ions at the La3+ ion.
The observed quadrupole splitting is nearly the same in
the pure nonsuperconducting La2Cu04 and the doped su-
perconductor and corresponds to a quadrupole coupling
constant ~e2qQ~ 89.4 MHz with a negligible asym-
metry parameter for the I 2

' La nucleus. '
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The contribution of the ionic crystal field to (e qQ)1,1

for the case of an axially symmetric system (extension to
nonaxial systems is straightforward) is

(e'Qq);..;.-e'Q(1 —y) QQL(3cos28L, —I)/rg, (1)
L

where y is the Sternheimer antishielding factor of the sub-
ject atom or ion, and QL, , rL, , and OL, are, respectively, the
charge of the Lth ion, the distance of this ion from the
subject nucleus, and the angle between the vector from
this nucleus to ion L and the symmetry axis for the field
gradient tensor. In La2Cu04 the crystallographic c axis is
the symmetry axis.

Calculating the ionic field gradient at La 3+ in La2Cu04
as described previously'2 with ionic charges La3+, Cu2+,
and 02, and introducing the experimental result
Q('39La) 0.21x10 4 cm2, '4 and the calculated value

yL, 3+ —76 (Ref. 15), gives (e2qQ);„;, —85.2 MHz,
in good agreement with the experimental value + 89.4
MHz.

Ku in EuSa2Cu3

Mossbauer investigations of ' 'Eu in EuBa2Cu307 have
shown that Eu is present as Eu3+ with a (4f)6 electron
configuration, '6 and have indicated a quadrupole coupling
constant

~
e2qQ

~
125 MHz where Q is the quadrupole

moment of the '3'Eu nucleus in its ground state. 3 The
ionic field gradient will contribute to ezqQ here just as it
did for La in La2Cu04, however, there is the likelihood of
an additional contribution to e 2qQ due to distortion of the
open (4f) shell of Eu3+ by the crystal field. This can
occur even though the free Eu3+ ion has a spherically
symmetric (L S 3, FJ-0) ground state because the
separations of the lower J levels in this multiplet are quite
small. The energies of this J 0 to 6 multiplet are
(X/12)[J(J+ I) —L(L+1)—S(S+1)], where A, is the
spin-orbit splitting constant of a La 4f electron. '~ Calcu-
lation of X from the formula (Ref. 18),

2p (1lrLa4f ) r 'dU/dr ( 1lr~4f)

where p is the Bohr magneton, and U is the average poten-
tial energy of an electron in La, using the results of Her-
man and Skillman'9 for U and the La 4f orbital gave

0.22 eV.
In addition, the calculated e2qQ depends on how the

additional holes demanded by the YBa2Cu307 & non-
stoichiometry for b(0.5, which we denote as the non-
stoichiometry holes to distinguish them from the holes in-
trinsically present on the Cuz+ ion in the stoichiometric
YBa2Cu306.5, are distributed between the Cu02 planes
and the CuO chains.

The ionic crystal field contribution to e qQ, with the
nonstoichiometry holes distributed equally among the
chain Cu and 0 ions [this gives the ionic charges Eu +,
Cu(2)'+ O(2) O(3) Ba + O(1) ' O(4)
and Cu(1)+2 25, in which the ion designations are the con-
ventional crystallographic ones] is calculated from Eq.
(1), using the YBa2Cu307 crystal-structure data of David
eral 20 for that .of the unknown but undoubtedly very
similar EuBa2Cu 307 structure. With the value

Q(' 'Eu) 1.16x10 cm (Ref. 14), and taking the
Sternheimer antishielding factor to be p„3+ —80 as
suggested by Watson and Freeman ' one obtains
e qQ;,„;, —264 MHz.

The calculation of the contribution to e 2qQ from distor-
tion of the spherically symmetric Eu +(4f)6, L S 3,
J 0 ground state by the crystal field, which admixes oth-
er J states with this state, is most conveniently carried out
by noting that for this S 3 state the six 4f electrons of
Eu3+ must go into different m1 states so that the ion is one
electron short of having a spherically symmetric, half-
filled 4f shell. This permits treatment of the problem in
terms of a single missing electron or positive hole in the
half-filled 4f shell with a fictitious spin of 3 provided that
all matrix elements of spin operators are divided by the
number of spins or 6. (This method readily yields the pre-
viously given formula for the spin-orbit energies of the
different J states. ) The calculation is then straightfor-
ward, starting with the "one particle" FJ 0 6,~ states-
for which the spin-orbit Hamiltonian is diagonal. These
states are then used to construct states that transform ac-
cording to the various irreducible representations of the
C211 symmetry group of the ionic crystal field, and with
the aid of the Herman-Skillman Eu 4f orbital, ' the
crystal-field Hamiltonian is calculated including terms up
to I 6 in the ionic crystal-field potential. '2 This Eu 4f
orbital was also used to calculate (I/r )E„,4f and the quad-
ruple splitting constant of a Eu 4f hole, obtaining
(e qQ)E„4y, 1200 MHz. For the aforementioned as-
signment of the nonstoichiometry holes one finds that the
distorted Eu3+ ion has a ground state of A 1e symmetry in

the approximately tetragonal crystal field and a quadru-
pole splitting (e qQ)4f, d„& 370 MHz due to distortion of
the La 4f shell. Thus, the net calculated result is
e qQ 106 MHz whose agreement with the experimental
value of + 125 MHz is quite good for this complicated
case where the result is the difference between terms of
opposite sign.

If the nonstoichiometry holes in YBa2Cu307 are shared
equally among the Cu and 0 ions in the Cu02 plane [i.e.,
Eu3+ Cu(2) 2.167+ O(2) l.s33 —

O(3) l.s33 — Ba2+
O(1)2, Cu(1)2+, and O(4)2 ] the various contributions
to the Eu3+ quadrupole splitting are (e qQ);,„;, —366
MHz, and (e qQ)4f d'

& 616 MHz. This gives a net cal-
culated quadrupole splitting constant of 250 MHz which
is in considerably worse agreement with experiment than
is the case where the holes are predominantly in the CuO
chain. Although the complexity of the calculation limits
the weight that can be placed on this indication of a
preference of the holes for the CuO chain, it is consistent
with the results of crystal-field calculations which suggest
that Madelung energy considerations favor placing at
least half the holes in the chain. '2

Fe substituted for Cu in YBa2Cu307

Of the various transition-metal ions which can be sub-
stituted for Cu up to roughly 10% with only gradual
lowering of the superconducting transition temperature
iron is of special interest because Fe is a Mossbauer nu-
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cleus. There have been a number of Mossbauer spectro-
scopic investigations of YBa2(Cu~ —„Fe„)30'which gen-
erally agree in finding that the ~ Fe Mossbauer line is split
into three nuclear quadrupole doublets denoted A, 8, and
C with splittings of approximately 2.0, 1.1, and 0.6 mm/s
or 23.2, 12.8, and 6.7 MHz, respectively. 7 " The isomer
shifts of the A and 8 doublets have the same value of 0.14
mm/s relative to Fe metal whereas the C doublet has a
larger shift of 0.29 mm/s.

These investigations differ considerably, however, re-
garding the relative intensities of the A, 8, and

bylines

(al-
though the intensity of the C doublet is generally consid-
erably less than that of the other lines, especially at low Fe
concentrations), and the dependence of these intensities
on Fe concentration, sample preparation, etc. , with corre-
sponding differences in the assignment of the doublets to
Fe at the two different Cu sites in YBa2Cu307. The ma-
jority opinion of the experimental investigations is that the
A and 8 doublets be assigned to the Fe at the Cu(1)
(chain) and Cu(2) (plane) sites, respectively. The
reasons for this assignment are the greater intensity of the
8 doublet consistent with the Cu(2) sites being twice as
abundant as Cu(1) sites, and the fact that the calculated
ionic field gradient at Cu(1) is almost twice that of the
field gradient at Cu(2) in agreement with the ratio of the
A and 8 quadrupole splittings. Tamaki et al. 9 propose the
reverse assignment, however, finding, in contrast to other
work, that the intensity of the A doublet is generally con-
siderably greater than that of the 8 doublet, and that the
latter's intensity is quite sensitive to Fe and 0 concentra-
tions and the thermal history of the sample, as might be
expected for the Cu(1) site whose nearest-neighbor oxy-
gen ions are probably more easily added or removed than
are the oxygens of the Cu02 plane. Our results will indi-
cate that an assignment based on the ratio of the calculat-
ed ionic field gradients, which assumes that the substitut-
ed iron is present solely as the spherically symmetric Fe3+
with no valence contribution to e qg, is questionable.
Nonetheless, the present investigation will also suggest
that it is reasonable, though not completely definite, to as-
sign the A and 8 doublets to Fe at the Cu(1) and Cu(2)
sites, respectively.

Assuming for the moment the substituted iron is
present as Fe3+, which has a spherically symmetric 6S
ground state whose separations from the other states of
the Fe3+ (3d) 5 configuration are too great for appreciable
distortion of the 6S state by the crystal field, 2' then
(e qg)„~ should be zero, and the field gradient and quad-
rupole splitting will be determined solely by the ionic crys-
tal field. This calculation of (e2qg );,„;, is straightfor-
ward using Eq. (1), the calculated value of yF, 3+

—9.1, 22 and a determination of the quadrupole mo-
ment of Fe in its metastable state which gave the result

Q~ 0.213 (10) 24 cm. 23 This result was obtained from
the quadrupole splitting of the relatively simple Fe dimer
in inert gas matrices which should avoid many of the
difficulties involved in determining this quantity from Fe
Mossbauer data, and which, furthermore, is consistent
with a number of other relatively recent determinations of
Q~. If the nonstoichiometry holes are distributed uni-
formly among the chain Cu and 0 ions, as done previously

in the Eu calculation, one obtains the results
(e qg );„;, 73.4 MHz and

~ rt ~;«,, 0.31 for the
Cu(1) site, and (e qg~);», , 51.4 and

~ rt ~;,I, 0.11 for
the Cu(2) site, where the major principal axis of the quad-
rupole splitting tensors is along the a and c crystallograph-
ic axes for the Cu(1) and Cu(2) sites, respectively. The
corresponding quadrupole splittings are 37.9 and 25.8
MHz. The first of these is considerably greater than any
observed splitting and while the second calculated split-
ting might be attributed to the A line it cannot explain ei-
ther the absence of a larger 37.9 MHz splittings or the
origin of the 8 doublet.

This situation is not changed by another assignment of
the nonstoichiometry holes such as a uniform distribution
among the Cu and 0 ions of the Cu02 plane. This gives
the only slightly changed results (e2qg );,„;, 79.8 MHz
and

~ rt ~;,„;, 0.16 for the Cu(1) site, and (e2qg );,„;,
46.2 and ~X~;,„;, 0.11 for the Cu(2) site. Now the

calculated splittings are 40.1 and 23.1 MHz in similar
disagreement with experiment.

Such disagreement is not wholly unexpected since it is
likely that iron does not enter the YBa2Cu307 lattice ex-
clusively as Fe + but may have an appreciable Fe2+ char-
acter. Fe + is believed to be very unlikely, however, be-
cause the ionization potential of Fe + is so large com-
pared to that of Cu2+ (54.8 vs 36.8 eV, Ref. 25) that
Cu2+ would be oxidized to Cu + and/or 02 to 0 in

preference to forming Fe +. If Fe + is present it will be
as the 5D state because the ionic crystal field is too small
relative to the intra-atomic interactions2' to change ap-
preciably the energy ordering of the free-ion term states.
The ionic crystal field is large enough, however, compared
to the spin-orbit splittings in this ion, ' to play an impor-
tant role in determining the orientation of the unsymme-
trical charge distribution of this sD state. The situation is
similar to that dealt with in Eu3+ in that the nonsym-
metric part of the Fe2+ charge distribution can be de-
scribed in terms of a single 3d electron in excess of a half-
filled 3d shell. Unfortunately, although this case is
simpler than the Eu3+ case because spin-orbit effects are
small, the crystal-field energies of the Fe 3d„„3d~„and
3d3,i, orbitals, calculated as described previously, ' do
not differ sufficiently to specify which orbital or orbitals
will be occupied by the extra electron in Fe2+. Here, the
z axis is the major principal axis of the electric field gra-
dient tensor and is along the a and c crystallgraphic axis,
respectively, for the Cu(1) and Cu(2) sites. Fortunately,
consideration of the two extreme possibilities will show
that our principal result changes only quantitatively, not
qualitatively, with the occupancy of these orbitals.

The assumption that the 3d, and 3d», orbitals are
equally occupied yields an axially symmetric valence
quadrupole interaction of a magnitude of one half the Fe
3d -0 quadrupole coupling along the z axis, i.e.,
(e qQ )„~ —,

' (e qg )F,2+ 3d. Using the formula
(e qg~)FC2+ 3d 7 QIN(1 RFe2+ 3d)&1/r &F 2+ 3d where
the Sternheimer shielding parameter RF,2+3d has been
calculated to be 0.22 by Ingalls, 26 and Hartree-Fock
atomic orbitals of Fe + (Ref. 27), yields the result
(I/r )F 2+3d 5.08ap, (e qg )„,~ —57 MHz. Now
the Fe quadrupole splitting at the ith site may be written
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as

(e'qgm)Fei , (e qgm)vaki+(e qgm)ionic,

where X; is the fractional Fe + character of iron substitut-
ed at this site. Using the calculated values of the valence
and ionic quadrupole tensors we may estimate the X; for
the different sites from the experimental data. The results
depend, of course, on the assignment of the splittings. If
the 23.2 and 12.8 MHz splittings are assigned to Cu(1)
and Cu(2), respectively, we obtain Xi 0.54 and X2 0.47
for the case where the nonstoichiometry holes of
YBa2Cu307 are in the Cu-0 chain. The other case where
the nonstoichiometry holes are in the Cu02 plane yields
essentially the same results. These values are identical
within the accuracy of the comparison and seem reason-
able, particularly insofar as the nearly identical isomer
shifts of the iron species giving the A and 8 lines indicate
they are in similar valence states. If the high-frequency
transition is assigned to the Cu(1) site then we fit the ex-
perimental results with X~ 0.9 and X2 0.1. The large
dissimilarity of these results seems unreasonable and con-
stitutes grounds for rejecting this assignment.

If, on the other hand, the extra 3d electron occupies the

3d3, 2
&

orbital then (e2qQ )„,~ is doubled to —114
MHz. In this case, one obtains Xi 0.27 and X2 0.24 if
the high-frequency transition is assigned to the Cu(l) site
and Xi 0.45 and X2 0.05 if it is assigned to Cu(2).
Again, only the assignment resulting from assigning the
high-frequency splitting to Cu(1) seems reasonable.

Thus, Fe substituted for Cu in YBa2Cu307 appears to
be a mixture of Fe3+ and Fe2+ with the fractional Fe2+
character ranging from 0.25 to 0.5 depending on the 3d
orbital occupied by the extra electron in Fe +. It is
noteworthy that, in order to account for the Fe quadru-
pole splittings, the extra electron in Fe2+ must be in the
d„„d»„and/or d3,a, orbitals; if this extra electron were
in the d„~ »i or d,» orbitals, which is unlikely because of
their large crystal-field energies, then (e2qg)„,i would
have the same sign as (e 2qQ);,„;,and it would be impossi-
ble to account for the observed quadrupole splittings
without invoking the unlikely existence of Fe~+. It has re-
cently been proposed that more than one type of Cu 3d
and 0 2p valence orbitals are involved in the valence
and/or conduction bands of the superconducting oxides. '2

The d„, d», pair combined with the d„2»2 is one possibil-
ity, although consideration of the crystal-field energies of
the oxygen orbitals that form bonds with the various Cu
3d orbitals favors somewhat the d„2—»2 and d» pair. In
any event, there may be an important hint at the mecha-
nism of superconductivity contained in this indication that
Fe, and quite likely other transition metals, substituted for
Cu in YBa2Cu307 can host a mobile electron or hole in an
orbital other than 3d, ~ »2, whereas zinc, whose substitu-
tion for Cu is more damaging to superconductivity than is
transition-metal substitution, can only host a 3d, 2 —»2
hole to the extent it is present as Zn +.

This model is also consistent with the idea that the C
doublet is due to Fe ions in Cu(1) sites that have an addi-
tional nearest-neighbor oxygen7 " as this would reduce
(e 2qg);«, , and thereby reduce the total quadrupole split-

ting for reasonable Fe +/Fe3+ ratios.
Clearly, this is an interesting problem that could pro-

vide important clues to superconductivity in these materi-
als, and as such merits further investigation. The signs of
the quadrupole coupling tensors are of obvious importance
but unfortunately, difficult to determine. Determination
of the asymmetry parameters of this tensor could also be
quite helpful.

Cu in YBa2Cu307

NMR and NQR investigations of Cu in YBa2Cu307
have shown two different Cu sites with 63Cu NQR fre-
quencies of 22 and 31.5 MHz. 6 These two transitions
exhibit marked differences in the temperature dependence
of their relaxation rates especially in the superconducting
region 6 that may be an important clue to the supercon-
ducting mechanism, toward which end the assignment of
the transitions becomes especially important. Unfor-
tunately, this assignment has proved difficult and contro-
versial. Two groups have assigned the low-frequency
transition to the Cu(2) site on the basis of the relative in-

tensities of the two transitions, 5 and the similarity of the
temperature dependence of the relaxation rate of the thus
assigned Cu(2) transition to that of the nearby Y nu-

cleus. Another investigation has proposed the reverse as-

signment, however, also on the basis of the relative inten-
sities of the transitions. 6 Moreover, this work6 found that
the low-frequency transition has a very large asymmetry
parameter, which has been elegantly confirmed and ex-
tended by a Cu NMR investigation of aligned single crys-
tals of YBa2Cu307 which completely determined the field
gradient tensors of the two Cu ions with respect to the
crystallographic axes. The nonaxially symmetric char-
acter of the low-frequency field gradient tensor, and even
more so the fact that it is nearly zero along the c crystallo-
graphic axis, is highly inconsistent with its assignment
to the axially symmetric Cu(2) site. The following
analysis will support this latter assignment of the NQR
transitions and show that the two Cu ions are largely in

the Cu2+ state.
The ionic crystal-field contributions to the copper quad-

rupole splittings follow directly from those just calculated
for iron upon substitution of the copper antishielding fac-
tor A,c„—17, 3 and the 63Cu quadruple moment
g(63Cu) —().211x10 cm ' for &Fe and Q( ~Fern).
Here, however, we compute the actual field gradient ten-
sor, defined with respect to the crystallographic a, b, and c
axes as (e qg) [(e qg)„, (e qg)bb, (e qg)„] for
comparison with the single-crystal results. The results,
taking an average over the very similar values resulting
from assignment of the nonstoichiometry holes to the Cu-
0 chains and the Cu02 planes, are Cu(1) site:
(e qQ);,„;,=(—136.5, 53.3, 83.2) MHz; Cu(2) site:
(e qg);,„;, (42.9, 33.8, —76.7) MHz.

As in the Fe case these ionic crystal-field gradients give
NQR transition frequencies [68.8 and 38.4 MHz for the
Cu(1) and Cu(2) sites, respectively] that disagree strong-

ly with experiment suggesting contributions to the quad-
rupole interaction from the Cu valence electrons. More-
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over, such a contribution is almost certainly present be-
cause there are many indications that Cu is present large-
ly as Cu2+, 3233 which has a large (e qQ)«1 due to the
single missin~ electron or hole in its 3d shelL The ionic
crystal field' requires that this hole be in the 3d, 2 —p2 or-
bital where z is parallel to the a and c crystallographic
axes for the Cu(1) and Cu(2) sites, respectively, so that
(e qQ)„,1 will be axially symmetric and, since Q( Cu) is
negative, positive along the z axis. Calculation of the
quadrupole interaction due to this hole orbital using Cu +

Hartree-Fock orbitals is similar to that just described
for iron, and including the calculated Sternheimer shield-
ing ' (1-Rc„i+) 0.82, gives the result (e qQ)«1»

191 MHz.
Applying the same analysis used in the Fe case, cf. Eq.

(2), where I is now the fractional Cu2+ character, and as-
suming that the 22 and 31.5 MHz transitions are due to
Cu(1) and Cu(2), respectively, yields X1 0.93 and
(e qQ)c„&1& (40.3, -35.1, -5.2) MHz, and X2 0.73
and (e qQ)q„(2& (-26.9, -36.0, 62.9) MHz. These
values are in good agreement with the experimental
values2 (e2qQ)c„(1& ~ (38.0, —38.4, 0.4) MHz and
(e qQ)c„(2) ~ (—30.6, -30.6, 62.9) MHz even though
the calculated value of the Cu(1) field gradient along the
c axis, although small, is not zero as observed, because this
quantity is the difference between larger quantities and
less than a 590 change in the ionic field gradients would
make it zero. The calculated asymmetry parameter of the
Cu(2) site is 0.14 in agreement with the observed value. 6

On the other hand, it is impossible to obtain any sem-
blance of agreement between theory and the single-crystal
experiment 9 if the low-frequency transition is assigned to
Cu(2).

Given the foregoing conclusion, an interesting new puz-
zle appears to be raised by a very recent experiment which
found that reducing the oxygen content of YBa2Cu307 —s
from b 0.0 to 0.3 reduces the relaxation rate of the 31.5
MHz transition much more than the other. Given the
ease of removal of oxygens from the chain sites, this result
appears to be reasonable if the 31.5-MHz transition is as-
signed to the chain, as the authors appear to be doing, 4

but it presents a significant challenge for further investi-
gation if the 31.5-MHz transition is due to the plane Cu
1OIlS.

The amounts of Cu2+ character required to account for
the Cu NQR data in YBa2Cu307 seem reasonable and
consistent with a picture of this species as being largely an
ionic crystal despite its remarkable superconductive be-
havior. Given the reasonable assumption that the un-

paired electron density on a Cu ion is related to its Cu +

character, then the finding that the chain Cu ions have
somewhat greater Cu2+ character than do the plane Cu

ions is consistent with the somewhat greater Knight shift
of the chain Cu ions. 6

The assignment of a 73% Cu + character to the Cu(2)
site suggests the following interesting although speculative
analysis. A simple tight-binding band calculation for the
Cu02 plane of the type described by Jorgensen etal. , 3

with a Cu-0 transfer integral t(u 3d~o2p 1.6 eV, and
a difference between the Cu and 0 on-site energies of
Ec„d—Eo p 4.6 eV will reproduce the indicated aver-

age Cu(2) charge. Now this on-site energy difference
may be regarded as the energy required to transfer an
electron from 02 to Cu2+ in the CuO2 plane because if
this energy becomes very large then the ions of this plane
are all Cu + and 0 ions. The present valueof 4.6eV is
considerably smaller than the 12 eV estimated from con-
siderations of the crystal Madelung energy and the ener-

gies required to form the various ions, ' although it is like-

ly that consideration of finite ion size effects when calcu-
lating the Madelung energies will considerably reduce the
estimate obtained from the crystal-field model. It is
larger than the values typically used for this parameter in
Hubbard models of the Cu02 plane. 37 With these values
and an estimate of the energy required to transfer a hole
from one Cu + to another, i.e., 2 Cu + Cu++Cu +,
which can be estimated as Uc„,d 12.7 eV from the Cu+
and Cu2+ ionization energies of 20.3 and 36.8 eV, 2 re-
spectively, and the attractive energy of —3.7 eV between
the resulting electron-hole pair in the Cu02 plane, one can
calculate the antiferromagnetic coupling between the
spins on two adjacent Cu ions in the Cu02 plane from

37 lsthe formula, - J 4t5„,3d,o,2pal(Ecu, d Eop) Ucu, d

This yields J 0.098 eV in reasonable agreement with ex-
perimental values of 0.1-0.14 eV in the superconducting
oxides. 3v ~ Thus, there do appear to be some interesting,
albeit tentative, consistencies between the results of rather
different experiments in these superconductors.

In summary, a relatively simple model based on the
idea that the high-T, superconducting oxides are largely
ionic crystals appears to be useful for interpreting the re-
sults of Mossbauer and NQR experiments and obtaining
therefrom information about the electronic states of the
quadrupolar ions including the all important Cu ions.
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