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ABSTRACT: wQu Knight shift measurements have been made in the normal state of
superconductors YBa2Cu30a; (sc = 6.48 and 6.98) and in the paramagnetic state of the related
material CuO. The K - x plot analysis has been made, for the first time, for the Cu NMR
in the high Tc oxide and CuO. The results show quite characteristic features of the local
electronic states of the substances. In YBa2Cu3O* system, Cu(2) plain sites persist in a
divalent charged state between 6.0 < x < 6.98, while Cu(l) chain sites exhibit a mixed valence
in space depending on the oxygen coordination number. It is also found, from a detailed
analysis of the hyperfine field (hf), that a usjial ionic model of a Cu2+ ion in a tetragonal field
can be primarily used to describe the wave function of magnetic electrons of Cu2 + ions in both
CuO and YBa2Cu3Oj;. We found, however, only in YBa2Cu3Oa; system an additional and
anomalous contribution to the Fermi contact hf, which is a large and positive hf more than 100
kOe//xjg. Such an anomalous hf has never been found in transition metal compounds before,
therefore characterizing an outstanding electronic feature of high Tc copper oxide system. It
should be stressed that the origin of this anomalous hf can not be attributed to the extra
holes, because there exists approximately the same amount of the anomalous hf even in the
insulating phase (SB = 6.0). Among several possible mechanisms to account for the anomalous
hf, the dominant mechanism in the present case is most likely the supertransferred hyperfine
interaction arising from a covalent electron transfer through the linear bonds Cu2+—O2~—
Cu . From the viewpoint of structural consideration, this mechanism is considered to be
favored in the perovskite type structure i.e., a corner-sharing net-work in a [ -CuO2- ] sheet,
but not favored in a type of edge-sharing net-work appearing in CuO. From the viewpoint
of energetics, the present results reflects the small value of the charge transfer gap (4) in
Y B a C O system.

§1.Introduction

The epoch-making discovery of high temperature su-
perconductivity in copper oxides (Bednorz and Muller,
1986) is followed by considerable efforts to understand
the electronic states underlying the superconductivity.
The common physical constitution of these materials
i.e., oxides of copper and layered perovskite structure
(see, as a review article, Pickett, 1989), implies that
an appropriate understand of electronic structure is a
key point. A general feature of the electronic state can
be seen in the phase diagram for YBa-^Cn^Ox system
(Tranquada el al., 1988 and Cava et al, 1988), as shown
in Fig.l. When the oxide is stoichiometric (x = 6.0), the
electronic state is a Mott-Hubbard insulator and anti-
ferromagnet. When additional oxygens are introduced
in the system, an insulator to superconductor transition
occurs around about z = 6.3. A fundamental prob-
lem of the high Tc superconductors is how to describe
the electronic state in such a highly correlated electron
system and to relate it with a mechanism of the super-
conductivity.

The nuclear magnetic resonance (NMR) and nuclear
quadrupole resonance (NQR) have been powerful tech-
niques to elucidate the local electronic state in materials.
In this paper we present our recent results about spectral
investigation of Cu NMR and NQR in YBa2Cu3Oa; sys-
tem and the related material CuO, putting special em-
phasis on a difference in the underlying electronic state
between the two copper oxide systems.

It is also seen in Fig.l that the superconducting
phase has two plateaus of Tc, i.e., 90 K for oxygen
rich phase and 60 K for the intermediate concentra-
tion of oxygen. These two superconducting phases can
be distinguished also from the crystallographic point of
view. In the x = 7.0 phase, four oxygen sites located
around Cu(l) chain sites are fully occupied, as seen in
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Fig.l. A phase diagram showing the electronic states of
YBa2Cu3Ox. AF and SC denotes antiferromagnetic and
superconducting phase, respectively.
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Pig.2. Crystal structures of (a): YBa2Cu3O7.0 and (b): YBa2Cu306.5-

Fig.2(a). On the other hand, in the z = 6.5 phase, if
the ideal structure is realized, the half of oxygen atoms
in the chains are depleted along the original b-axis, as
in Fig.2(b). Thus the unit cell becomes doubled in the
direction of original a-axis.

§2. Exper imenta l Procedures

2.1. Sample Preparation
It has been well known that a number of physi-

cal quantities of YBa2Cu3Oa; strongly depends on the
preparation procedure owing to the oxygen stoichiom-
etry and order-disorder transition. Although the de-
tails have been published elsewhere (Ueda and Kosuge,
1988), we summarized briefly the procedure.

The starting material were prepared
by solid state reaction of Y2O3, BaCO3 and CuO. The
mixtures were pelletized, followed by heating up to 900
°C in air, and then ground and reheated. This process
was repeated several times, following the final anneal-
ing for 5hrs at 500 °C in air. The obtained material
was confirmed to be a single phase with orthorhombic
YBajCusOx. The samples with various oxygen con-
tent were prepared from the sintered (at 900 °CJ pellets
as follows. Each of the pellets was precisely weighted
and firstly heated under air at 10 °C/min up to 800
°C and then cooled at the same rate at room temper-
ature. In this run, the trace of the thermogravimet-
ric analysis (TGA) shows a distinct hump in the cur-
vature at 650 °C, corresponding to the orthorhombic
to tetragonal phase transition, The composition of the
material at the temperature has been well established to
be x = 6.50 in equilibrium. The pellet was subsequently
heated under oxygen or nitrogen (less than 0.001% O2)
gas at 10 °C/min up to the temperature range of 400-
700 °C, depending on the aimed value of z, and then
cooled slowly at the rata of 2.5 °C/min. to room tem-
perature. The oxygen content of the samples obtained
by this treatment was determined by weigh loss or gain,
between the weight at 650 °C (* = 6.50) and the final
point in TGA. The accuracy of the microbalence was
±0.1 mg in weight, corresponding to ±0.21 in x.

2.2. NMR and Magnetic Susceptibility
Both the NMR and NQR experiments were per-

formed by using a coherent type pulsed NMR spectrom-
eter. The NQR spectra were taken by measuring the
spin-echo amplitude as a function of the frequency point
by point. The NMR spectra were taken by two differ-
ent methods. The one was a Fourier transform of a
spin-echo observed at fixed frequency and field. This
technique was available for the case of relatively narrow
spectrum with less than 100 Oe at full width of half
maximum (FWHM). The other spectrum was taken by
a box car integration of the gated spin-echo signal, while
sweeping the magnetic field. The applied magnetic field
was made by superconducting solenoid up to 83 kOe.

The all samples used in the present study were poly-
crystals. In order to measure the Knight shift as accu-
rate as possible, we prepared oriented powdered samples
for YBa2Cu3O6.98 and YBa2Cu3O6.48 with the c-axis
well aligned and then obtained sharp NMR lines. Such
alignment was easily achieved by exposing the fine pow-
der mixed with epoxy to a magnetic field (about 80 kOe)
to, as described by Farrel et al. (1987).

The magnetic susceptibility was measured by a Fara-
day balance magnetic pendulum at a field of 11 kOe and
in a temperature range between 4.2 K and 300 K. The
measurements was made for poly crystalline sample of
0.5-1.0 g in weight.

$3. Exper imenta l Resul t s for YBa2Cu3O;r

3.1. Magnetic Susceptibility
Fig.3 shows the temperature dependence of suscep-

tibility for YBa2Cu3Oa;. All points in this figure show
raw data without any corrections for spurious Curie-
Weiss terms due to some paramagnetic impurity phase,
confirming ultra-high quality of our samples.

For z = 6.98 sample, the susceptibility shows essen-
tially temperature independent behavior above about
150 K. A careful susceptibility measurement, however,
has revealed a steep decrease just above Tc=93 K, as
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Fig.3. Temperature dependences of susceptibilities of
YBa2Cu.3O6.98 and YBa2Cu3O6.48- The measurement for
YBa.2Cu3O6.9g has been performed upon slow cooling, in
order to ensure the drastic temperature dependence ob-
served just above Tc = 93 K.

in the Cu-NQR spectra for 2 3 6 ^ 8
Yl^CupOe^g, as shown in Figs.4(a) and (b), respec-
tively. Site assignments for the NQR lines in the z = 7.0
phase have been well established by now; the pair of
63Cu/65Cu NQR lines observed at 31.5/29.1 MHz and
22.5/20.8 MHz are assigned to 63Cu(2) plane sites and
63Cu(l) chain sites, respectively. This site assignment
has been achieved by several groups and different meth-
ods, including (1) investigation of the symmetry of elec-
tric field gradient (EFG) tensors at Cu sites (Shimizu et
al, 1988 and Pennington et al, 1988), (2) study of the
effect of transferred (predominantly dipole) hyperfine
field from localized 4f electrons in magnetic isomorph
RBa2Cu307 where R=Gd (Hammel el al., 1988), Sm
and Nd (Kohori et al., 1988), (3) measurement of abso-
lute (Walstedt et al., 1988) or relative (Mali et al, 1987)
intensity of each Cu line.

For the z = 6.5 phase, there have been few works so
far in which site assignments for the whole NQR lines
are presented. By an analysis which are described in de-
tailed below, we could have obtained the site assignment
for the observed pairs of 63Cu/65Cu NQR frequencies
as follows; 31.4/29.0 (2-fold Cu(i)X^bT6/2X3"(Cu(2A)
neighboring 4-fold Cu(l)), 27.8/25.7 (Cu(2B) neighbor-
ing Wold Cu(l)), 24.0/22.2 (3-fold Cu(l)), and 22/20.35
(4-fold Cu(l) j . The presence of 3-fold Cu(l) sites sug-
gests that the structural order of the present sample is
not developed to so long rage, because such sites are
allowed to appear only at terminals of a 4- or 2-fold
coordinated chain.

can be clearly seen in Fig.3, suggesting an appearance
of superconducting fluctuation diamagnetism above Tc.
Several authors have already presented analysis and dis-
cussions on the susceptibility based on a model of su-
perconducting fluctuation diamagnetism (Kanoda et al.,
1988, Kawagoe et al., 1988 and Annet et al, 1988).

For z = 6.48 sample the susceptibility is depen-
dent largely on temperature, as shown in Fig.5. This is
not due to a superconducting fluctuation diamagnetism.
Our sample of * = 6.48 shows the bulk superconductiv-
ity with Tc = 60 K.

3.2. Cu NQR Spectra
Corresponding to the two crystallographic phases

shown in Fig.2, distinct line profiles have been obtained

3.3. Cu Knight Shift
Temperature dependences of the Knight shifts are

plotted in Figs.5 and 6, for Cu(2) plane and Cu(l) chain
sites, respectively. For both the sites, the c-axis can be
taken as a principal axis of both the Knight shift tensors
and the Vxz of EFG tensors.

For z = 6.98, the temperature dependences of the
Knight shifts are very weak for both the principal direc-
tions, corresponding to the susceptibility. The values of
Knight shifts are in good agreement for both Cu sites
with the previous works ( Kheinmaa et al., 1988, Pen-
nington et al, 1989b, Takigawa et al, 1989a and Barrett
etal, 1989). ~"

For x = 6.48, the Knight shifts at Cu(2A) and
Cu(2B) sites exhibit apparent temperature dependences
for both the principal directions, corresponding to the
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Fig.4. Cu NQR spectra taken in (a): YBa2Cu3O6.48 and (b): YBa2Ctt3O6.98- The measurements
have been done at 4.2 K in zero applied field.
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Fig.5. Tempeiatnie dependences of Cu Knight shifts at Cu(2) plane sites, (a): YBa2Cu306 48-
(b): YBa2Cn306.98.

susceptibility. It should be noted here that, although
the quadrupole frequencies are considerably different be-
tween the two sites Cu(2A) and Cu(2B) as shown in
Fig.3(b), the Knight shifts are nearly the same. This
result is similar to that found in YBa2Cu3O6.75 by Hor-
vatic et a/.(1989a and 1989b). In our data, the difference
in the NQR frequencies at the two sites is about 3 MHz
and therefore about two times larger than the NQR line
widths (1.4 MHz in FWHM), while possible difference
in the Knight shift, if any, can be estimated to be at
most 0.1 % i.e., less than the NMR line width for H ||
c-axis (0.1 - 0.3 %). Possible difference in the tempera-
ture dependence of Knight shift has also been less than
the distribution of each Knight shift value at all temper-
atures investigated here (100 K—300K). Thus, as far as
the magnetic properties are concerned, we have no need
to distinguish between the two Cu(2) plane sites.

Knight shift probes selectively unpaired electrons at
the atom in concern. On the other hand, all electrons in
the whole bands can be effective to EFG. The present
experimental findings suggest that the structural differ-
ence in chain of the x = 6.5 phase gives rise to such a
difference in the electronic structure as makes the EFGs
at the two Cu(2) sites different, but does not so affect
the magnetic electrons. This point will be refocused in
the EFG analysis below section.

In. the case of NMR at magnetic sites, the principal
axes of the hyperfine coupling tensor and the susceptibil-
ity one are expected to coincide. Then we can write the
relation between the Knight shft and the susceptibility,
as follows,

(la)

(16)

(lc)

•spin

&k,

where N is the number of magnetic ions in a formula
unit

One should need the knowledge of single crystal data
of susceptibility for a further analysis. However, any
reliable measurements have not yet made of the sin-
gle crystal susceptibilities for YBa2Cu3Oa; with vary-
ing oxygen concentration, because some paramagnetic
second phase is involved as obtaining the single crys-
tals. Instead, the anisotropic susceptibility measure-
ments have been reported by taking advantage of high
quality oriented powder samples for various oxygen con-
centrations (Nakazawa and Ishikawa, 1989 and Yam-
aguchi et ah, 1989). Since the temperature dependent
part of the anisotropic susceptibility seems almost
isotropic in their data, we can, in a good approxima-
tion, use our polycrystal data for % to deduce the hy-
perfine coupling constant from the Ka. — X plot dia-
gram as shown in Figs.7 and 8. Then the slope of the
Ka — x pl°t can be considered to correspond to the hy-
perfine coupling constant for the respective directions.
In YBa2Cu3Oa; system, however, since the susceptibil-
ity arises from a contribution not only from Cu(2) plane
sites but also from Cu(l) chains, we must estimate and
separate the each Cu site contribution to the suscepti-
bility.

In order to do this, we first note the fact that 2-
fold and 3-fold Cu(l) chain sites are magnetically non-
active Cu*+ (3d10 configuration) ions. This fact has
been found from the measurements of the nuclear spin
lattice relaxation time Tx and the Knight shft (Fig.6).
The T\ for those sites are extremely long (about three
orders of magnitude) compared to the other sites, and
the Knight shifts are relatively small and exhibit only
a very weak temperature dependence. Therefore mag-
netically active copper ions can be taken to be limited
to Cu(2) plane and 4-fold Cu(l) chain sites. Inspect-
ing the NQR spectra shown in Fig.4(a), we can esti-
mate that the abundance of 3-fold Cu(l) chain sites is
roughly a tenth of that of 2-fold Cu(l), and therefore
that the respective abundance of 2-, 3- and 4-fold Cu(l)
chain sites is roughly 0.52 : 0.05 : 0.43 mole per for-
mula unit of YBa2Cu3O6.48- (In view of this fact, we
can draw an interesting aspect about a relation between
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Fig.6. Temperature dependences of Cu Knight shifts, (a): Knight shifts at 4-fold (open triangle)
and 2-fold (closed symbols) Cu(l) chain sites in YBa2Cu3O6.48- (b): Knight shifts at 4-fold
Cu(l) chain sites in Y B C O

the hole (carriers) concentration p doped in the system
and the oxygen content x. If we exclude the existence
of 3-fold Cu(l ) chain sites, abundance of 2- and 4-fold
Cu(l) chain sites is given by 7 — * and x — 6, respec-
tively, for YBa2Cu3Oi. Since the valence of each Cu
site is then as; Cu(2A)2+, Cu(2B)2+, 4-fold C u ( l ) 2 +

and 2-fold C u ( l ) 1 + , we get p = x — 6. On the opposite
limit such as 3-fold Cu(l) chain sites are permitted as
many as possible, we get p = 12 — 1x for 6.0 < x < 6.5
and p = 1 for 6.5 < x < 7.0.)

Next, in order to separate the contributions from
Cu(2) plane and 4-fold Cu(l) chain sites, we employ
an estimation made by Mila and Rice (1989), in which
the spin part contribution in the susceptibility is taken
nearly equal between the two C u 2 + ion sites. This as-
sumption can be verified in part by the K—% plot shown
inFig.8.

Consequently, setting N = 2+0.43 = 2.43 in eqs.(l) ,
we obtain the hf coupling constants at Cu(2) sites from
the Ka - x plot shown in Fig.7(a) and (b), as listed
below,

(2a)
(26)A1 = 168.2 ± 10 kOe//*£,.

These values are found nearly equal to those evaluated
for YBa 2 Cu 3 07 (Takigawa et al, 1989b and Barrett
et al, 1989). Thus, we find an interesting fact that,
although the hole concentration differs by a factor of
about two between the two phases x = 6.48 and 6.98,
the local electronic structure at Cu(2) plane sites is un-
affected, to the extent of the present approximation, by
introducing the holes. We note that a similar behavior
has been found in 8 9 Y NMR which has been expected to
probe selectively the electronic state within the planes
(Alloul et al, 1989).

In this connection, an investigation of the param-
agnetic hf of the x = 6.0 phase will be also of partic-
ular interest. Unfortunately, however, such an NMR

observation may not be easy, because the Neel temper-
ature (above 400 K) is rather high. Instead, the zero-
field NMR spectrum has been observed in the antifer-
romagnetic state at T-i.2 K (Yasuoka et al, 1988 and
Mendels and Alloul, 1988). The Cu(2) electronic spins
are ordered antiferromagnetically with the spin direc-
tion lying within the basal c-plane. The internal hf Hn
has been obtained to be ±(79.65±0.05) kOe. In order to
obtain the hf coupling constant, we must take account
of a possible spin reduction owing to the quantum fluc-
tuations and/or the covalency effects of the magnetic
electrons. Fortunately, the magnitude of ordered mo-
ment has been reported from neutron diffraction mea-
surements to be (S)=(0.66±0.07)/ifl at 4.2 K (Tran-
quada et al, 1988). Using this value, the hf coupling
constant is given as follows,

= ^ = ±(120.7*14) (2c)

where the subscript AF is to specify being the cou-
pling constant in the case of the antiferromagnetic state.
Hence, together with eq.(2b), we find a difference in the
coupling constant as A^~ > Aj^p . The sign of Aj^p,
however, can not be determined from the present anal-
ysis alone. We give a further analysis to elucidate the
mechanism of the hf in YBa2Cu3Ox system below sec-
tion, and therein show that the sign of AJ^p is most
likely negative, i.e., opposite to that in the paramag-
netic state.

§4. Experimental Results for CuO

We have studied electronic states in CuO as a typical
example of insulating antiferromagnet with Cu + ions.
The Neel temperature has been reported to be 230 K
from the neutron diffraction experiments (Forsyth et al,
1988, Yang et al, 1988) and the specific heat measure-
ment (Junod et al, 1989). The temperature dependence
of susceptibility (Parkin et al, 1988) looks very similar
to that for YBa2Cu306.o (Johnston et at., 1988).
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Fig.7. Cu Knight shifts at Cu(2) plane sites versus susceptibil-
ity, with temperature the implicit parameter, (a): H || c-
axis. (b): H±c-axis. The open circles are referred to
the present data of YBa2Cu3O6.48- The solid lines show
the best fit thorough those data. The others indicated by
x = 7 are referred to YB&2CU3O6.98 or the Tc = 90 K

. phase samples; The symbol S denotes the present datum
taken at T = 100 K. The symbols of T show Takigawa et
o/.'s data (1989b) and the B Barrett et o/.'s data (1989),
taken at T == 100 and 4.2 K. The susceptibility is shown
as the paramagnetic part subtracted by the diamagnetic

.. contributions of core electrons.
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Fig.8. Cu Knight shifts at Cu(l) chain sites versus suscepti-
bility, with temperature the implicit parameter. Only the
Knight shft for H || c-axis are shown. The open circles are
referred to the present data of YBa2Cu3O6.48. The others
indicated by x = 7 are referred to the data'of the Tc = 90
K phase samples (YBa2Cu306.98); The symbol S denotes
the present datum taken at T = 100 K. The symbols of
T and B designate, respectively, Takigawa et o/.'s data
(1989b) and Barrett et o/.'s data (1989), taken at T = 100
and 4.2 K. The susceptibility is shown as the paramagnetic
part subtracted by the diamagnetic contributions of core
electrons.

Not only the observation of Cu NMR in the anti-
ferromagnetic state at 4.2 K (Tsuda et al, 1988), but
also we have successfully observed for the first time the
Cu NMR signal in the paramagnetic state of CuO. Tem-
perature dependence of the paramagnetic shift is shown
in Fig.9. For CuO, we assume, for simplicity, the prin-
cipal axes of the shift tensor and the EFG tensor are
coincide. Although a monoclinic distortion is found in
CuO (Asbrink and Norrby^ 1970), this assumption is
appropriate as a first approximation for our purpose. It
has been known that the principal z-direction of EFG
is nearly normal to the square coordination of nearest
neighbor four oxygens. We assume further the tetrago-
nal symmetry for the shift tensor, and define K» = KZz
and K\ = Kxx. Although single crystal data is, of
course, necessary for the strict analysis, the essential
feature extracted in the present study may not be al-
tered.

Assuming that the temperature dependent part of
susceptibility is isotropic, the polycrystal data of suscep-
tibility can be used to deduce the hf coupling constant.
From the Ka - % plot shown in Fig.10 with JV=1, we
get the following results,

(3a)
(36)

-146 ± 10
15 ±15 kOe//xB.

Sine the antiferromagnetically ordered spin moments
have been known to align nearly parallel to the direc-
tion1 of Vzz at each Cu site (Tsuda et a/., 1988), the
above value of A^ in the paramagnetic state should be
compared with the internal hf Hn = ±121.5 kOe//t£ ob-
served in the antiferromagnetic state. Using the neutron
result of the ordered moment which has been reported
to be (5) = (0.68 ± O.l)/*^, the hf coupling constant in
the antiferromagnetic state can be given as,

4 F = ^ = ± ( 1 7 8 - 7 : F 2 3 ) kOe//xB. (3c)

We analyze in detail the mechanism of hf in CuO in the
next section, and show the sign of A"Ap to be negative
and then being A^p, < A".

200 220 240 260 280 300 320 340

T(K)

Fig.9. Temperature dependences of the paramagnetic (Knight)
shifts of Cu NMR in CuO.
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Fig.10. Cu paramagnetic (Knight) shift versus susceptibil-
ity for CuO, with temperature the implicit parameter.

§5. Hyperfine Field Analysis
5.1. General Expression of Hyperfine Field

From an analysis of the hf, we can obtain valu-
able information about the electronic state around the
copper nuclei. As a useful starting point, we take a
well-known ionic model appropriate to a Cu "*" ion in
a tetragonal crystal field. The coupling constant of hf
can be expressed in the model as follows (Abragam and
Bleany, 1970),

where in the first terms K is a dimensionless parameter
of the Fermi contact hf, the second terms, —4/7 and 2/7
in eqs.(4a) and (4b), respectively, represent the dipole
hfs produced by the ground state | x —y), and the last
terms arise from the second order effect of the spin-orbit
interaction, where A is a spin-orbit coupling constant,
^0 is an energy separation between the ground state
| sc2 — y2) and the first excited state | xy), and Ay is
that between | a2 — y2) and the second excited states
| xz) and | yz). Since the number of quantities to be
resolved is more than the experimental knowns (A" and
A ) in the present case, we have to make the following
assumptions;
(I) The ratio of the two energy separations A\ and AQ
; k = AI/AQ can be expected plausibly to lie in a rage
of k = 1.35 ± 0.25 (Abragam and Bleaney, 1970). We
take the value of k as a parameter varying in this range.
(II) There appear, in a general expression of hyperfine
interaction, two kinds of effective values of (r~3), i.e.,
the one is (r~3) in an electric quadrupole interaction
and the other is (rj3) = (r~3) in a magnetic hyperfine
interaction. The two values can be deferred by a shield-
ing effect of core electrons in the quadrupole interaction,
as can be related with each other by,

(5)

where R denotes the shielding factor. It is difficult to
evaluate the shielding effect for a specific material. Nev-
ertheless, the shielding factor R is generally considered
to be a small number and not so much sensitive to envi-
ronment. We employ, in the present analysis, a Hartree-
Fock value of .R=0.1 reported by Freeman and Watson
(1965).
By the use of assumption (I), each hf component to be
resolved can be expressed as follows,

56fc + 6 • x

(6a)

(66)

(6c)

Only if the value of (r~3) is known, every component
can be evaluated as a function of the parameter k. We
have obtained experimentally the value of (r~3) by using
assumption (II), as will be shown below.

5.2. Deduction of (r~3)
We have measured Cu quadrupole frequency VQ at

Cu2+ ions in a variety of insulating copper oxides. Fig.11
(a) exhibits a plot of the observed 63Cu quadrupole fre-
quency VQ versus the calculated value of the EFG pro-
duced by the surrounding lattice ions. The evaluation
of the lattice contribution to EFG has been made in a
simple point charge model, taking account of all lattice
points within a sphere of radius 50 A at which a suffi-
cient convergence is achieved (with a deviation of much
less than 1%). We can find clearly from Fig.ll(a) that
the plots thus obtained lie along a straight line, over a
wide range of substances. It should be noted here that,
anticipating the nearly tetragonal symmetry of copper
sites of our prime interest, this diagram is limited to the
cases of nearly symmetric EFG with r\ < 0.2.

Let us consider physical meaning of this diagram. It
is a key point to find out that a change in the degree of
symmetry of the near neighbor coordination gives rise to
a variation in the EFG, as can be seen in Fig.ll(a). That
is, (i) three oxides indicated by open circles exhibit the
largest values of the lattice EFG and their Cu sites are
of the 4-fold square coordinations, (ii) the intermediate
group indicated by closed circles has the 5-fold pyrami-
dal coordinations, (iii) the smallest EFG has been ob-
tained for the 6-fold octahedral coordinations. There-
fore we can easily find that the lattice contribution to
EFG becomes smaller as the symmetry of coordination
becomes like a cubic, as would be expected.

The present diagram suggests also that the value
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of observed vn results from a sum of two contributions
from the d-shell of Cu2 + ion itself (i/j) and the sur-
rounding lattice ions (I>/OM ), in agreement with the pic-
ture pointed out by Adrian (1988). This picture can be
expressed as follows (Abragam and Bleaney, 1970),

vQ=vd + "Ia

a 21(21 - l)j

vlalt = C1 - Too)

(7a)

(rf)(L\\a\\L)lzz, (76)

(7c)
27(21 -l)h'

where (L \ \ a \ \ L) is the reduced matrix element of
multiplit 2D of Cu2+ ionic state, and evaluated by an
algebraic calculation to be,

(L\\a\\L)=^, (Id)

and lzz represents the matrix element related to elec-
tronic quadrupole moment evaluated in the ground state
|0) = | x2-y2) as follows,

/„= (0\LzLz\0) - \
= 2, (7e)

and Vzz in eq.(7c) denotes the maximum component of
the lattice EFG tensor.

If we assume here that the values of (r~3) and an-
tishielding factor 1 — 700 is unchanged among these
various oxides, then the present plots should obey a uni-
versal straight line, as is drawn in Fig.ll(a). Then the
intersection of the straight line with the vertical .axis
tells us readily the value of (r~3) by using eqs.(5) and
(7b), to be 6.28 ±0.16 in atomic units (a.u.). This value
corresponds to a reduction to 76.1% compared with that
obtained by a Hartree-Fock calculation for a free Cu ^
ion (8.25 a.u., Freeman and Watson, 1965), being rea-
sonable as would be expected for an ion in solids. The
value of antishielding factor 1 — 7oo is also given from
the slope of the straight line by using eq.(7c), to be
21.6 ± 0.4. We tabulate the present results in table I.

Table I
Copper EFG parameters obtained by fitting the data in

Figs.ll. The definitions are given in eq.(6) in the text. The
quadrupole frequencies I/J are referred to Cu nuclei and in
the units of MHz. The expectation vales of (r~3) are in the
atomic units. The value of shielding factor R = 0.1 is assumed
in the deduction of (r~3) (see eq.(5)).

o--3>
1 - 7 o o

Cu2+
Insulator

80.0 ± 2
6.28 ±0.16
21.6 ±0.4

Cu2+
Superconductor

74.0 ± 1
5.81 ± 0.08
20.5 ± 0.2

Cu*+

0

6.3 ±0.1
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Fig.ll. 63Cu quadrupole frequency VQ is plotted as a func-
tion of the calculated value of the lattice contribution to
the EFG at the copper sites, (a): 4-, 5- and 6-fold Cu2+

ions at planar sites in insulators, (b): 5-fold Cu + ions at
planar sites in superconductors, (c): 2-fold Cu1+ ions in
insulators. References of these data: La2Cu04 and CuO:
Tsuda et o/.(1988). LaBa2Cu306, Pb2Sr2YCu308 and
LaBa2Cu3O7: Yoshimura et a/.(1989). La2SrCu206 and
Ca2Cu03: the present work. YBa2Cu3<V. Yasuoka et
o/.(1988) and Mendels and Alloul (1988). Nd2Cu04: Yoshi-
nari et a/.(1989). YBa2Cu307 and YBa2Cu306.5: Ya-
suoka et a/.(1989). NdBa2Cu307: Itoh et a/.(1989).

5.3. Hyperfine Field Analysis for CuO
We have used this value of (r~3) to evaluate the

hf coupling constants in CuO. Although depending on
the parameter k denned in assumption (I), a unique re-
sult has been obtained from eqs.(6), as shown in table
II. Every contribution is very reasonable in both sign
and magnitude, comparable to the literature data of
Cu 2 + ion EPR and NMR in various well-studied insula-
tors. For a typical example, the reported EPR results of
Cu2+:MgO are also shown in table II. It is meaningful
for us to keep in mind that the negative value of Apermi
arises from the core polarization mechanism as would
be usually expected in transition metal compounds. We
can conclude from the present results that the electronic
state of Cu 2 + ions in CuO can be understood in terms
of a usual model appropriate to a simple insulator.

In Figs.l2(a) and (d), we depict schematically the
constitution of the hf coupling constants obtained by the
present analysis. Since the ionic picture provides a good
approximation for CuO, it is natural to expect that these
coupling constants are basically unchanged between the
paramagnetic and the antiferromagnetic states. Then
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Table H
The coupling constants and parameters of copper hyperfine field in CuO and at Cu(2) plane

sites in YBa2Cu3Og-48. The definitions are given in eqs.(l), (4) and (6) in the text. The hyper-
fine coupling constants are in the units of kOe//fg. Also shown are the values of EPR results
of Cu2+:Mg0 (Coffman, R., 1968) and of the results obtained for YBa2Cu307 (Takigawa et a/.,
1988b and Mila and Rice, 1989). In the analysis made by Mila and Rice, the values of {r~3) and
K are assumed.

All

A x

Afermi
K

A
dip

Adip

J
A±.Aso
A

2^

Cu2+:Mg0

5.46

-90.8
0.266

-195.1

97.5
145.1

25.75

-0.066

CuO

-146 ±10

15 ±15

6.28 ±0.16

-125 ± 15
0.318 ±0.04

-225 ± 6

112±3
203 ±20
27.4 ± 5.0

-0.060 ±0.002

YBa2Cu3O6.48

-21.6 ± 1

168.2 ± 10

5.81 ±0.10

62.2 ± 10
-0.125 ±0.02

-208 ± 4

104 ± 2

157 ±15

21 ±5.0
-0.045 ± 0.001

YBa2Cu307

-41.2

191.1

6.30

58.1
0.325

-229.9

114.9

130.6

18.1

-0.038

we can plausibly determine the sign of ArAp in eq.(3c)
to be negative.

5.4. Hyperfine Field Analysis for Cu(2) Plane Sites

in

The value of (r~3) can be obtained in the same way
as the above mentioned insulating case. There arises
in the metallic case, however, an essential difficulty in
evaluating the valence of each ion. Fortunately in the
present material, we can expect, from a chemical consid-
eration, the ionic characters of Y 3 + and Ba 2 + to be rela-
tively firm. Thus the difficulty can be reduced to a prob-
lem how to settle a charge distribution within the sublat-
tice of copper and oxygen ions. Photoemission studies
have revealed that the extra holes in the superconduct-
ing phases are accommodated mainly at oxygen sites

and also that the copper ions are stable in Cu2 + charged
state but not in Cu3 + (Fujimori et al., 1987a and 1987b,
Bianconi et al., 1987 and Niicker et al, 1988). In addi-
tion, recent 170-NMR data in YBa2Cu307 (Takigawa
et al., 1989c) are consistent with the assumption that
the extra holes are distributed at every oxygen site in
roughly equal population.

Consequently we adopt, as a crude estimation, a
point charge model in which the valences are assumed as
follows; Y3+, Ba 2 + , Cu( l ) 2 + , Cu(2)2+ and O~1 3 / 7 for
all oxygens, so as to calculate the EFG at Cu(2) sites.
The calculations have been performed for three oxide su-
perconductors RBa2Cu307.o (R=Y, La and Nd). To-
gether with the calculated value of EFG obtained in
this way, the observed quadrupole frequency gives a plot
shown in Fig.ll (b). In the same way as the preceding
analysis for the insulating case, fitting to a straight line
through the three points, we get, (r~3) = 5.81 ± 0.08
(a.u.) and 1—foo = 20.5±0.2, as shown in tabletl. These

values of (r 3) and 1 —7oo exhibit just slight reductions
by less than 10% compared with the insulating case. In
view of the apparent change in the bulk properties from
an insulating phase to a superconducting one, these sim-
ilarities found here are somewhat surprising. From this
fact, we are intended to argue that the local electronic
structure at Cu(2) plane sites in the superconducting
phase is rather close to that in the insulating phase.

By using this value of (r~3) = 5.81 (a.u.), we have
evaluated the details of the hf in YBa2Cu306.48- The re-
sults are shown in table II, and illustrated schematically
in Figs.l3(a) and (c). We can see, from the present re-
sults, that, although the values of (r~3) (therefore A%- )
and spin-orbit (A"o) contributions are similar to the
usual case of Cu ions, the Fermi contact contribution
{Apermi) is quite strange in both sign and magnitude.
Considering the two similarities found between the su-
perconducting phase and the insulating one in the EFG
parameters ((r~3) and 1 — -y^) and in the anisotropic
parts of the hf (dipole and spin-orbit contributions), we
can rather expect that a similar contribution from the
usual core polarization mechanism should he hidden in
tlxe Afermi of YBa2Cu3O6.48 as well. Then the present
result indicates that there is a certain additional contri-
bution to the Fermi contact part of hf in YBa2Cu3O6.48i
which is a large and positive one and has never been
found before among the transition metal compounds (in-
volving metals and insulators).

This anomalous contribution also seems quite sim-
ilar to the results obtained for the z = 7 phase of
YBaaCusO* by Takigawa et a/.(1989b) and Mila and
Rice, (1989). It is also obvious from the above subsec-
tion that such an anomalous hf does not appear in CuO.
Thus, our particular interest is turned to a problem to
elucidate the origin of this anomalous hf characteristic

Oa; system.
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Fig.12. Diagrams showing the constitution of the hyperfine field couplings in CuO. The decompo-
sition shown in (a) and (d) is based on the results in table II. The further decomposition of
the component Apermi- into Acv and j4jr is shown in (b) and (e) for the paramagnetic state
and (c) for the antiferromagnetic state. The composition into ACJ) and AtT are based on the
diagram shown in Fig. 15 and on the discussion given in the text. The double arrows shown in
(b), (c) and (e) denote the hyperfine field couplings which have been observed experimentally.

Fig.13. Diagrams showing the constitution of the hyperfine field couplings in YBa-^CusOr system.
It is shown in the text that all these couplings are nearly unchanged between 6.0 < x <
7.0. The decomposition shown in (a) and (d) is based on the results in table II. The further
decomposition of the component ApeTmi into Acp and A\T is shown in (b) and (d) for the
paramagnetic (normal) state of x = 6.48 and (e) for the antiferromagnetic state of x = 6.0.
The composition into Acv and A\T are based on the diagram shown in Fig.15 and on the
discussion given in the text. The double arrows shown in (b), (d) and (e) denote the hyperfine
field couplings which have been observed experimentally.

( e )

§6. Origin of the Anomalous Hyperfine Field
6.1. General Consideration

A no-interacting ionic model is obviously inadequate
to account for the anomalous hf. In addition, the oiigin
can not be ascribed to the doped holes (carriers), be-
cause a similar anomalous hf is, as will be shown below,
present in the insulating phase x = 6.0 as well. Thus
we are impelled to look for the origin in the effects of
covalent bonding and/or overlap between the relevant
orbitals. There are, in principle, three candidates re-
sponsible for the positive Fermi contact hf. All of them
involves an electron transfer process via the covalency
between a ligand orbital and a copper orbital, and there-
fore being a kind of transferred hf.

(A) The ligand oxygen ion can be polarized in spin
by a covalent electron transfer from the ligand into the
unoccupied 3d-orbital of adjacent Cu2+ ion (say, the left
copper site shown in Fig.l4(A)). This polarized ligand
spin is transmitted into a nominally empty 4s orbital at
the other side of Cu2"*" ion via the covalency between
the ligand orbital and the Cu 4s orbital. In this process,
the 4s spin induced at the right copper site is inevitably
parallel to the 3d spin of the left copper ion, as far as
the transfer Hamiltonian is spin independent. Hence
this contribution to the hf should change its own sign
depending on whether the spin alignment of neighbor-
ing Cu + ions is parallel or antiparallel. The hyperfine
interaction due to process A is what is called the "su-
pertransferred hyperfine interaction" (originally studied
by Kamimura, 1966, Huang et al, 1967, and Taylor ei
af., 1973 and reviewed by Simanek and Sroubek, 1972).

(B) The ligand electron can be virtually transferred
into nominally empty 4s orbitals of a Cu2+ ion via the
covalency between them. There are two possible chan-
nels for this transfer process, corresponding to the 4s
orbitals with different spin directions as illustrated in
Figs.l4(Bl) and (B2). The 3d-4s exchange interaction
makes a difference in the transfer probabilities for the
two channels, leading to a preference of process Bl over
B2 in Fig.14. This preferential transfer gives rise to a
net spin density at the copper nuclear site oriented par-
allel to the 3d spin, and leaving behind a net spin at
the ligand orbital oppositely directed from the 3d spin.
This mechanism is what is called the "exchange polar-
ization of bonding orbital" (Watson and Freeman, 1961,
Simanek and Miiller, 1970 and Simanek and Sroubek,
1972).

(C) The ligand is polarized by the same process as
mentioned in the first step of process A. The core elec-
trons (Is, 2s and 3s) at the right Cu2+ ion can be polar-
ized by the overlap effect between the polarized ligand
and the core electrons. Like process A, we get also in
this process the net spin polarized parallel to the 3d spin
at the left Cu "*" ion. This process, however, can not be
of prime importance, because this process is inadequate
to explain the observed difference in Aperm{ between
CuO and YBa2Cu3O;r system. The overlap of the lig-
and orbitals with the cores of Cu + ion is expected to
be greater for CuO than YBa2Cu3Ox system, because
of the relatively short bond lengths. This fact gives rise
to a tendency contrary to the present experimental find-
ings. Therefore we can rule out the possibility of process
C.
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Fig.14. Schematic illustrations of process A (A) and process
B (Bl and B2). The solid circles denote the copper ions
and open circles the oxygen ions. The ligand orbitals L are
primarily the hybrids of 2s and 2p orbitals. Two channels
(Bl and B2) are present in process B.

In what follows, we consider only processes A and
B. We can rewrite the coupling constant of the Fermi
contact hf as follows,

(8)

where Acp denotes the contribution arising from usual
core polarization mechanism and atr the anomalous con-
tribution originating from the above mentioned electron
transfer process of either A or B, t represents the near-
est neighbor Cu2+ (O2~) sites corresponding to process
AfBj, —(+) sign is taken correspondingly to process
A(B), and p is denned by the spin direction of neigh-
boring Cu "*" ions as p = 1 if antiparallel and p= 2 if
parallel. When applying an external field in the param-
agnetic state, we get p = 1 irrespective of which process
(A or B). It is therefore convenient to define the total
amount of anomalous contributions observed in param-
agnetic state, as follows,

(9)

This equation defines the region P in the Acp versus Atr
diagram shown in Fig.l5(a).

For the antiferromagnetic state (x = 6.0), taking
account of four nearest neighbor Cu2+ spins within the
same plane, we can rewrite eq.(4b) by using eqs.(6) and
(8) as follows,

-F Air + AJ- + Asg — A AHip AF> (11)

where —(+) sign of Air term corresponds to process
A(B). The values of A^- and A^o are unknown for
x = 6.0. We assume here, in a good approximation,
that Aj- and A% are relatively insensitive to oxygen
content x, because they have been found to retain the
ionic values even in the superconducting phase as men-
tioned earlier. Then we have estimated the vales of J4^-_
and AJ-0 merely by taking account of the difference in
the value of (r ) between the superconducting phase
and the insulating one. The negative (positive) value of
A~ip shown in eq.(2c) is taken to correspond to process
A(B). Inserting those values into eq.(ll), we get,

ACp - Air = -256 ± 20
Acp + AtT = - 1 5 ± 20

(12a)
(126)

for processes A and B, respectively. Eqs.(12a) and (12b)
define respectively the regions AFA and AFB in Fig.l5(a).

If we set a specific value of Acp, then Atr is deter-
mined from Fig.l5(a) as a segment of the corresponding
horizontal line across the regions, P, AFA and AFB. Now
we use the value Acp = —121 ± 10 (kOe/jtg), reported
for various compounds containing Cu2+ ions (Abragam
and Bleaney, 1970). The allowed value for AtT is then
obtained from eqs.(10), (12a) and (12b) and can be illus-
trated as the hatched area in Fig.l5(a). The results are
summarized in table III. Since the transferred hf seen
by the copper nuclei is produced by the 4s electrons for
both processes A and B, we can also express the amount
of this hf in terms of a fraction of the unpairing 4s spin.
Using the reported value HA,S = 2598 (kOe) for neu-
tral copper atom (Zd is1) which has been obtained by
the atomic beam magnetic resonance method (Ting and
Lew, 1957), we obtain the values of 4s spin fraction f^s
as are also shown in table III.

We want to emphasize the fact that there should
exist a similar anomalous Atr even in the insulating
phase x = 6.0. This fact clearly demonstrates that this
anomalous hf does not arise from the extra holes (car-
riers) existing in the superconducting phase, but must
be an inherent nature of YBa2Cu30a; (6.0 < * < 7.0)
system.

We extract the values of Atr in YBa2Cu3Oa; and CuO
from our experimental data, as shown below.

6.2. Analysis for YBa2Cu30x
For the paramagnetic state (x = 6.48), inserting the

values otAtr shown in table II into eq.(8), we obtain the
following relation,

Acp + Atr = 62.2 ± 10 (10)

6.3. Analysis for CuO
A similar analysis can be applied to CuO. For the

paramagnetic state, we use the following relation instead
ofeq.(lO),

ACp + Atr = -125 ± 15 (13)
This equation defines the region P' as shown in Fig.l5(b).

For the antiferromagnetic state, taking account of
the spin structure (among the nearest neighbor twelve
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Table H I
The transferred hyperfine field coupling Air and the fraction of the unpairing 4s spin fis. Au

are in the units of kOe//i#, and fis in %. The values shown here correspond to the hatched area in
Fig.15. The value of AFermi = -121±10 kOe//is is assumed in the present deduction of Air. Also
shown are the results of YBa2Cu3C>7 (Mila and Rice, 1989), in which only process A is considered.

Process A

Process B

AtT

h>
Air

fis

CuO

0-20

0-0.8

0-10

0-0.4

YBa2Cu306.o

135 ± 3 0

5.2

106 ± 30

4.1

YBa2Cu3C>6.48

183 ± 20

7.0

183 ± 20

7.0

YBa2Cu307

186

7.2

spins, seven spins are coupled antiferromagnet-
ically and five spins ferromagnetically, Forsyth et a/.,
1988 and Yang ei ol., 1988), we get,

Acp - \ = -162 ±42
=-162 ±42

(14a)
(146)

for processes A and B, respectively. Eqs.(14a) and (14b)
define the regions AFA' and AFB', respectively, as shown
in Fig. l5(b).

Constraining the value of Acp to be within a region
of A^ = - 1 2 1 ± 10 (kOe//ijg) as done for above men-
tioned YBa2Cu3Oa;, we obtain the allowed value for Atr
to be 0-20 (kOe//ijg) as shown in table HI and by a
hatched area in Fig.l5(b). This value is an expected
one for usual transition metal compounds

6.4. Origin of the Anomalous Hyperfine Field
The most decisive method to resolve which process

(A and B) governs the anomalous transferred hf may be
to determine experimentally the sign of A^p in eq.(2c).

Unfortunately, however, we can not obtain any informa-
tion about the sign from the present experimental data
alone. Nevertheless, if we take notice of the 17O-NMB.
data reported by several groups, process A is turned
out to be most likely, as shown below. It can be readily
found from Fig.14 that the sign of the hf at the oxygen
site is different between two processes A and B. The
17O-NMR data for 6.5 < x < 7 have shown that the
hf coupling constants are large and positive (Takigawa
et a/., 1989c, Kitaoka et a/., 1989 and Oldfield et a/.,
1989). The core polarization mechanism due to 2p spin
is generally known to result in a positive Fermi contact
hf. Hence, whether the character of the polarized ligand
orbital is 2s or 2p, the signs of the hfs are the same. We
thus arrive at a conclusion that process A prevails in
YBa2Cu3Oar system.

Consequently, the allowed value for AtT in YBa2Cu3O
can be determined to lie in the regions P and AFA as
follows,

At,=
183 ± 20
135 ± 30

(x = 6.48),- / i

6.0). (15b)

-200

-300

200

-300

Fig.15. Diagram of Ag, versus Atr, (a) for YBa2Cu30i system and (b) for CuO. The region
designated by a pair of doted lines is referred to the assumed value of Acp = -121 ± 10
(kOe//iB)-
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The individual contribution from a spin ^ of a single
nearest neighbor ion to the transferred hf is 34-46
(kOe/fig), being an order of magnitude larger com-
pared with the literature data reported for various tran-
sition metal compounds (Watson and Freeman, 1961,
Kamimura, 1966, Huang et al., 1967, Locher et al, 1970,
Siminek and Miller, 1970 and Taylor et al, 1973). Within
the experimental errors and the approximations involved
in the present analysis, we can not determine whether or
not the value of A%T is actually dependent on the oxygen
concentration x. In any case, we find surely an outstand-
ing feature inherent in YBa2Cu30x (6.0 < x < 7.0)
system that the covalent electron transfer (process A)
is extremely active compared with in the other usual
compounds such as CuO.

Based on these results, we can complete the diagram
showing the constitution of the hf components, as shown
in Fig.l2(b), (c) and (e) for CuO and Fig.l3(b), (d) and
(e) for YBa2Cu3Ox system.

6.5. Difference between YBa2Cu3Oa: and CuO
The band theory predicts a d-band metal for both

YBa2Cu306.o and CuO (Oguchi et al, 1987 and Park
et al, 1988), in marked contrast to the actual states.
This seems to suggest an importance of the electronic
correlations in both the materials. There have also been
found experimentally considerable similarities between
YBa2Cu306.o an<l CuO in several electronic properties.
There is, however, an essential difference between the
two; YBa2Cu306.o becomes superconductor by the hole
doping, whereas CuO has not shown superconductivity
as any holes are introduced. In addition, the present
study reveals a noticeable feature in YBa2Cu306.o of
the charge fluctuations of process A. Therefore we can
find that, even in the insulating phase YBa2Cu306.ot
the underling electronic state is already markedly dif-
ferent from a usual insulator such as CuO. Considering
the fact that the local electronic states at the Cu + sites
have been approximately invariant for 6.0 < x < 7.0,
we are intended to argue that, in the insulating phase,
the underlying electronic state is ready for the supercon-
ductivity. Thus, it seems rather crucial to elucidate the
mechanism which gives rise to the difference between the
insulator YBa2Cu30g.o a n d a usual insulator such as
CuO. It will be shown below that this arises in part from
the difference in the crystal structure of these materials.

Process A involves the covalent electron transfer from
the ligand to the unoccupied 3d orbital of Cu2+ ion, as
can be written by {3d9} —> {Zd10L}, where L denotes a
ligand hole. According to the Heitler-London method in
the molecular orbitals model, the degree of this transfer
can be measured by the so-called covalency parameter

7 given as follows (Abragam and Bleaney, 1970),

(d9\d10L) - {d?\If\d10L)
(dl°L\H\dlH) - {d?\H/\d9)

( (16a)( ()
where H is the relevant Hamiltonian, and the energy
denominator is nothing but what is called the charge
transfer gap A (Fujimori and Minami, 1984, Hufner,
1985 and Zaanen and Sawatzky, 1987),

A = {dl°L\H\d10L) -(d?\H\d9}. (166)
The energy gap A is required to bring out the charge
fluctuations of {Zd9} <—> {Zdi0L}. While it is dif-

Table IV
The charge transfer gaps A (in eV) obtained by the XPS

experiments (Shen et al, 1987) and the band theory (Park et
al., 1988).

XPS
Theory

CuO

1.0

1.66

YBa2Cu3O6

0.36

YBa2Cu307

0.5

0.20

ficult to evaluate the numerator of eq.(16a), the de-
nominator (i.e., eq.(16b)) can be obtained from the va-
lence band XPS experiments and theoretical calcula-
tions (such as a band calculation and a cluster config-
uration interaction method). The results reported by
the XPS (Shen et al, 1987) and the band calculation
(Park et al, 1988) are shown in table IV. The value of
the charge transfer gap A is found to be systematically
smaller for YBa2Cu3Ox system than CuO, consistent
with the present NMR results. The tendency observed
experimentally in A seems to be related closely to the
crystal structures, because the same tendency is also
found from the band calculation.

The ligand orbital relevant to process A can be ex-
pressed primarily by a linear combination of oxygen 2s
and 2p,7 orbit als. Therefore process A should be sensi-
tive to the Cu2+—O2-—Cu2+ bridging angle </>. It can
be conjectured that a linear bond <f> = 180° is more fa-
vorable to process A than a <f> = 90° bond. Thus we can
expect that this process is much active in the perovskite
type structure (i.e., a corner-sharing net-work in a
[-CuO2~] sheet), compared with in a type of edge-
sharing net-work appearing in CuO. The charge fluc-
tuations in process A is inevitably accompanied by spin
fluctuations. Since it is well known that the character
of magnetic interaction between Cu2+ ions is dependent
essentially on the bridging angle <j> (Hay et al, 1975 and
Willett and Landee, 1981), it can be expected that both
the fluctuations in charge and spin take place in such a
manner as reflecting the value of <j>. Considering that
all of the high Tc oxides has been of the layered per-
ovskite type structure, the electronic state inherent in
this structure seems to play a vital role in the super-
conductivity as well, as was originally pointed out by
Pauling (1987).

§7. Empirical Rule of EFG in Copper Oxides

7.1. Relation between Observed vq and Lattice EFG .
As shown in Figs.ll(a) and (b), a linear relation is

found between the quadrupole frequencies observed at
Cu2+ ions and the EFGs produced by the surrounding
lattice ions. We have also found the similar relation for
the sites of 2-fold Cu1 + ions in various oxides, as shown
in Fig.ll(c). The data can be fitted to a straight line
through the origin, and yield the EFG parameters of
eq.(6) as ud = 0 MHz and 1 - 7oo = 6.3 ± 0.1. The
null value of v& is, of course, to be expected for the case
of non-magnetic Cu1+ (3d10 configuration) ions. The
value of antishielding factor 1 - 700 = 6.3 is smaller by
a factor of 2.8 than a theoretical value 17.6 obtained by a
Hartree-Fock calculation (Freeman and Watson, 1965).
We summarize these results in table I, together with the
results for Cu2+ ion as mentioned earlier.
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Table I and eqs.(6) allow us to predict the copper
quadrupole frequency to be observed at a given Cu site
in any Cu oxide, only if the lattice parameters, the lat-
tice point and the valence of each ion are known from
diffraction experiments. The conditions on which the
present relation holds are as follows; (i) the asymme-
try is small as 77 < 0.2 is satisfied, (ii) excepting the
non-stoichiomeric composition such as La2_xSrxCu04
(0 < x < 0.2). The failure in the highly asymmetric
sites reflects the fact that we assume the ground state to
be purely of | a2 — y2) in the evaluation of eq.(6b) and
(6e). The failure in La2_ISrICu04 suggests that the
lattice parameters and the lattice points determined by
a diffraction technique correspond to the averaged val-
ues taken over a coherence length of the particle used
in the technique, but not to the local values seen by the
resonance technique such as NQR.

7.2. The Application to Site Assignment
The high field NMR measurement has revealed the

value of asymmetry parameter t] to be about 0.9 for
the two 63Cu NQR lines at 24 MHz and 22 MHz and
0 for the three lines at 31.4MHz, 30.6 MHz and 27.8
MHz. The highly asymmetric value of ij is character-
istic of 4-fold and 3-fold coordinated Cu(l) chain sites
(Lutgemeier, 1988 and Yasuoka et a/., 1989). Inspecting
the concentration dependence (Yasuoka et a/., 1989) of
the intensities of 24 and 22 MHz lines, they have been
assigned to be 3-fold and 4-fold Cu(l) sites, respectively.
On the other hand, the lines with 77 = 0 can be expected
for Cu(2A) and Cu(2B) sites and 2-fold Cu(l) sites, be-
cause the symmetry of their sites are nearly tetragonal.

The calculation of lattice EFG in a point charge
model yields the results of (Vaa, VJJ, Vcc) in the units
of e.s.u., as follows;

Cu(2A) : (-1.53, -1.34, 2.86),
Cu(2B) : (-1.65,-1.34, 2.99),
2 - fold Cu(l) : ( 2.94, 3.10, -6.04).

Using these values together with the diagram shown in
Fig.ll(b) and (c), we can resolve the problem of site as-
signment for Cu NQR lines in x = 6.48. 2-fold Cu1+ ions
should appear along the straight line shown in Fig.ll(c).
This restriction allows exclusively the line of 31.4 MHz
to be 2-fold Cu(l) sites. Next, we can draw in Fig.ll(b)
two vertical lines located at each calculated value of the
lattice EFG corresponding to Cu(2A) and Cu(2B) plane
sites. Two intersections are obtained of these two verti-
cal lines with the universal line drawn in Fig.ll(b). It
can easily found that the quadrupole frequencies indi-
cated by the intersections are very close to the observed
NQR lines of 30.6 and 27.8 MHz in x = 6.48. Thus we
obtain, in a clear manner, a unique result of the site as-
signment as follows; 30.6 and 27.8 MHz lines come from
Cu(2A) and Cu(2B) sites, respectively.

7.3. The Application to NQR Line Width
Consideration of the antishielding effect provides an

interesting aspect on the NQR line width shown in Fig.4
(a). Inhomogeneous line width of an NQR spectrum
arises mainly from lattice imperfection. The possible
lattice imperfection in YBa2Cu3Oe.48 *s attributed pre-
dominately to a finite range of the structural order of
the x = 6.5 phase, so that the NQR line width would
be expected nearly identical among the various lattice

sites. The experimental results shown in Fig.4(a), how-
ever, show that the line widths (in full width of half
maximum) are dependent largely on sites; 0.4, 1.4, 1.4
and 1.5 MHz for 2-fold Cu(l), Cu(2A) and Cu(2B) and
4-fold Cu(l) sites, respectively. Since both 2-fold Cu(l)
and the two Cu(2) sites have 17 = 0, the observed dif-
ference in line width means that the distribution of Vzz
component is 3.5 times larger for Cu(2) plane sites than
2-fold Cu(l) chain sites. This discrepancy between the
simple conjecture and the experimental result can be
resolved easily by taking account of the antishielding ef-
fect. The contribution of lattice ions to the EFG at a
site is enhanced by a factor of 1 — 700 due to the anti-
shielding effect of the ion itself. It is found from Tab.I
that Cu + ions are 3.3 times larger in the antishielding
factor compared with Cu1"*" ions. This ratio is in good
agreement with that of the observed NQR line widths
(3.5 times). Therefore we can simply say that the ratio
of NQR line widths observed at different sites is gov-
erned in the present system by the ratio of antishielding
factors of the ions.

§8. Concluding Remarks

The values of (r~3) have been obtained from the
analysis of the copper quadrupole interaction for both
the superconducting phase and the insulating one. The
values are found to be not so much changed between the
two phases, and yet to remain lying within the range
expected for a Cu2+ ion in insulators.

We have also investigated in detail the hyperfine in-
teraction at Cu(2) plane sites in YBa2Cu3Ox system
(6.0 < * < 6.98). The K - x plot analysis has been
made, for the first time, for the Cu NMR in the high Tc
oxide and CuO. The anisotropic part of the hyperfine
interaction can be described in terms of a usual Cu2+

ionic model, whereas the model fails to account for the
isotropic (Fermi contact) part over the entire range of se.
The present Cu NMR results suggest that, in addition to
a usual core polarization hf, another, large and positive,
contribution to the Fermi contact hf is required to pro-
duce the observed values of hfs in YBa2Cu3Ox system.
Such an anomalous hf is not present in CuO. Although
we can not determine, within the experimental errors
and the approximations involved in the present analy-
sis, whether or not the magnitude of the anomalous hf is
dependent on the oxygen concentration z, it is sure that
a similar anomalous hf should be present in the insulat-
ing phase x = 6.0 as well. Therefore, the anomalous hf
is unlikely to originate from the doped holes (carriers).
It is shown that the origin is most likely the supertrans-
ferred hyperfine interaction arising from a covalent elec-
tron transfer through the linear bonds Cu +—O2~—
Cu + . This mechanism can reasonably be expected to
be sensitive both to the bridging angle of the bonds and
to the charge transfer gap (A). In view of these factors,
we can find that the perovskite type structure is favor-
able to the supertransferred mechanism than a structure
of edge-sharing net-work appearing in CuO.

Interestingly, it can be shown that the essential fea-
ture extracted in the present NMR study for YBa2Cu3Oa:
system is common to the other high Tc copper oxides.
As can be seen in Fig.l2(d) and (e) and Fig.l3(c) and
(d), the sum ACp + Aj^ + Aj-0 amounts to a small value,
because these components are approximately canceled
with each other. If AtT = 0, then we can expect,
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as has been observed in CuO. On the contrary, in the
case of YBa2Cu30g.o, most of the observed internal hf
AJip = Hn/(S) is found to be attributed to the anoma-
lous hf Atr as can be seen in Fig.l3(e). Therefore we
can, in general, make a rough estimation of the value of
Atr by the measurement of the internal hf AJ^p. In fact,
we have observed Cu NMR in various antiferromagnetic
copper oxides, such as La2CuO4 (Tsuda et al, 1988),
Nd 2 Cu0 4 (Yoshinari et al, 1989), Pb2Sr2YCu3O8
(Yoshimura el al, 1989). The zero field NMR spec-
tra taken at T = 4.2 K have shown that the internal his
in these oxides all lie within the region of ±(80 — 100)
kOe and the ordered moments are oriented in the c-
plane. These data clearly indicate that the anomalous
hf Atr should be present in these oxides as well as in
YBa2Cu306.o- All these oxides show the layered per-
ovskite type structure and superconductivities by dop-
ing holes. Thus, we can evolve the outstanding feature
common to the high Tc copper oxides that the type .of
-charge and spin fluctuations which appear in process A
are important.

The spin fluctuations can be probed by the mea-
surements of the nuclear spin-lattice (T;) and the spin-
spin (T2) relaxation times, as have been reported by,
for example, Yasuoka et a/.(1989) and Pennington ei
a/.(1989a). In spite of considerable efforts of the exper-
imental and theoretical studies on the relaxation times,
we are still far from the full explanation. One of the
difficulties stem from the importance of the degrees of
freedom of the ligand electrons. This importance results
from an interplay of the smallness of the charge trans-
fer gap A and the geometry of the <f> = 180° bonds. In
the previous picture which has been used to interpret
the magnetism and the superconductivity in transition
metal compounds, only the d-states have often been con-
sidered. We have to study how to incorporate the de-
grees of freedom of the ligand electrons with the copper
d-states.
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