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' 0 NMR Study of Local Spin Susceptibility in Aligned YSatcutOr Powder

M. Takigawa, P. C. Hammel, R. H. Heffner, Z. Fisk, K. C. Ott, and J. D. Thompson
Los Alamos National Laboratory, Los Alamos, Ne~ Mexico 87545

(Received 23 March 1989)

' 0 nuclear-magnetic-resonance spectra are obtained, using uniaxially aligned powder of Yaa2Cu307,
and resonance lines from the four inequivalent oxygen sites are clearly distinguished. Principal com-
ponents of the electric-field-gradient (EFG) and the shift tensors are obtained in the normal state. As-
signing the direction of the largest EFG components to Cu-0 bond axes, the anisotropy of the shift sug-
gests that the spin density at the plane O(2, 3) and the bridging O(4) sites resides on the p orbitals. The
dominant contribution to the spin susceptibility comes from Cu d states.

PACS numbers: 74.70.Vy, 74.30.6n, 76.60.Cq

High-temperature Cu-oxide superconductors are typi-
cally in an antiferromagnetic-insulating state when there
is one hole in the Cu 3d shell (in the Cu02 layer) and
are superconducting as the hole concentration exceeds a
critical value. There is strong spectroscopic evidence
that these additional holes primarily 611 orbitals of 0 2p
character. ' It is therefore important to identify which
0 site and which orbital (p or p ) the holes go into. In
particular, the identi6cation of specific hole orbitals in
the Cu02 planes puts important constraints on theoreti-
cal models. We have performed ' 0 nuclear-mag-
netic-resonance (NMR) experiments in oriented powder
samples of YBa2Cu307 and have identi6ed the NMR
lines corresponding to all four inequivalent oxygen sites.
The principal values of the electric-field-gradient (EFG)
and shift (K) tensors show that the spin density at the
planar and bridging oxygen sites resides mainly on the p
orbitals, indicating that doped holes go into these p or-
bitals.

A sintered pellet of YBa2Cu307 made by standard
techniques was enriched with ' 0 by heating the sample
at 900 C for 2 h, followed by an anneal at 470 C for 20
h in an 02 (45% ' 0) atmosphere. This material was
then ground into powder and mixed with epoxy (Stycast
1266) in a magnetic field of 4.2 T to achieve a uniaxial
alignment of the c axis for each grain. Good alignment
is obtained by this technique as was demonstrated in the
Cu NMR spectra published previously. Magnetization
measurements confirmed the superconducting transition
temperature of 93 K and nearly full shielding. The
NMR spectra were obtained by integrating the spin-echo
signal with a boxcar integrator while sweeping the ap-
plied magnetic 6eld.

There are four inequivalent oxygen sites in a unit cell
of YBa2Cu307.. one in the copper-oxide chains 0(1),
four in the two-dimensional (Cu02) layers 0(2) and
0(3), and two in the bridging sites between the chains
and planes 0(4). Since ' 0 nuclei have spin —', , we ex-
pect 6ve resonance lines split by the nuclear quadrupole
interaction for each site.

Figure 1 shows the ' 0 NMR spectra at 160 K and
49.8 MHz, with the magnetic 6eld applied parallel to the
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FIG. 1. ' 0 NMR spectra at 160 K and 49.8 MHz with
magnetic field along the c axis. Each piece of the spectrum
was taken with different gain as shown under the spectra.

c axis. Three distinct central transitions (lines Ap,
8p, and Cp), corresponding to I, —,

' ~ ——,', and four
sets of satellite transitions (lines 8 l-84, 8 I -84, A I,A 2,
and CI, C2) are observed. Second satellite transitions
(I, + —,

' ~ ~ —', ), whose 6rst satellites (I,~+ —', ) are A I,A2, and Cl, C2, have also been observed,
although they are not shown in the figure. From the
crystal structure, we know that the crystalline a, b, and c
axes are the principal axes of both the EFG and K ten-
sors. We de6ne the shift in the resonance frequency as
bv v„,—vp, where v„„ is the NMR frequency and
vo y~H„,. H„, is external 6eld at the peak of reso-
nance and y~ is the ' 0 gyromagnetic ratio (p.577186
kHz/Oe, obtained from the resonance in H20). When
the direction of the magnetic 6eld (z) is along one of the
principal axes, we have
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tively. Here EC, is the z component of the shift, v

,'&&
~ eQ ~

8 V/8a, where Q is the nuclear quadrupole
moment, and 8 V/8a is the a component of the EFG.

The values of K, and ) v, —vb
~

for the three central
lines were determined from Eq. (la) by measuring b„at
diH'erent values of v„, (49.8, 40.2, and 30.2 MHz).
(This procedure was also used to determine the Cu
Knight shift. ) The values of v, (:—v, ) were deter-
mined for each set of satellite lines from the difference
between Bv for the high- and low-field satellite lines.
The association of the central line with its satellite lines
was accomplished by demanding self-consistency in Eqs.
(la)-(lc). It was found that the two sets of satellites
B~-B4 and B&-B4 correspond to the central line Bp, and
the satellites A ~,A2 and C~, C2 correspond to Ap and Cp,
respectively. The correspondence between Cp and C~, C2
is further supported by the fact that only these lines are
associated with small spin-lattice relaxation rates
(1/T~), so that their signals almost disappear at 10-msec
rf-pulse repetition times. Since v, + vb+ v, =0, the
values of v, are separately determined, although v and
vb cannot be distinguished from one another.

The site assignment for each set of resonance lines was
made as follows. The satellite lines corresponding to the
central line Bp show splittings B; and B (i -1-4), which
are associated with two distinct sites with slightly dif-
ferent values of v, and almost equal values of EC, . These
lines are assigned to the O(2) and O(3) sites, because
these sites have very similar local environments and no
other pairs could have such similarities. The axes of the
largest EFG is either a or b for the lines Ap-A2 and c
for the lines Cp-C2. The satellites Ap-A2 and Cp-C2
are therefore assigned to the O(1) and O(4) sites, re-
spectively, because the direction of the largest EFG is
very likely the Cu-0 bond axis. The assignment of
Cp-C2 to O(4) is also supported by the axial symmetry
around the c axis of the spin part of the shift K (see
below). Our results on the O(2,3) and O(4) sites are
consistent with those reported by Coretsopoulos et al.
Bleier et al. reported a narrow line with 0.024% shift and
attributed it to the O(1) site. We also observed a simi-
lar line but think it is a spurious signal, possibly from a
second phase, because (1) we could not find any corre-
sponding satellites and (2) the other lines already ex-
haust all the oxygen sites. There is no doubt that all of
these lines arise from the correct phase because both the
shift and 1/Ti show a clear anomaly at the supercon-
ducting transition temperature, details of which will be
described in separate papers.

Figure 2 shows the central (a) and the satellite (b)
spectra with the field applied perpendicular to the c axis.
These spectra show two-dimensional powder patterns be-
cause 0„, is a function of field direction in the a-b
plane. The peaks in the satellite spectra are expected to
occur when the field is along the a or b direction. Using
the values of v, and vb determined from the H !le
spectra, the peaks are assigned as shown in Fig. 2(b)
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FIG. 2. ' 0 NMR spectra at 160 K with magnetic Geld per-

pendicular to the c axis. (a) The central transitions at 30.2
MHz and (b) the satellite transitions at 49.0 MHz.

v. - (1 —y) v. I + v. I, . (2)

Here v I is the contribution from charges on the lattice
ions, and v I, is the contribution from the on-site holes.
The ionic charges distort the on-site electronic charge
distribution and this effect is accounted for by the
Sternheimer factor y. The assignment of a Cu +

valence is consistent with core-level x-ray-photoemission
spectroscopy, " the EFG at both Cu sites, ' ' and the
anisotropy of the Cu Knight shifts and 1/Ti. ' ' We
then assume the ionic charges Y +, Ba +, Cu +, and

(denotes field direction measured from the largest EFG
axis). Values of K„Kb and refined values of v„vb are
obtained from Eq. (lb). The shift at O(1) for 0=90'
was determined from the central-line spectrum using Eq.
(la) because the corresponding peaks in the satellite
spectra are not clearly identified. A11 components of the
derived EFG and K tensors are listed in Table I. The
asymmetry factors (ri) of the EFG are 0.41 [O(1)],
0.22-0.23 [O(2,3)], and 0.32 [O(4)1. It should be noted
that the values of v, and K, (aic) in the same row of
Table I correspond to the same crystalline axis; we are
not able, however, to associate these anisotropies with ei-
ther the a or b crystal axis.

We first consider the results for the EFG. The fre-
quencies v, (a a,b, c) can be expressed as the sum of
two terms'
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TABLE I. EFG and K tensors. Two values of v in the
parenthesis correspond to the O(2) and O(3) sites. Typical er-
rors in v and K, at 160 K are ~0.005 MHz and 0.005%.
Large errors in the values of K, at 30 K are due to the uncer-
tainty in the magnetic field inside the superconductor in the
mixed state. This is estimated as described in Ref. 14.

K, (/o)
v (MHz) 160 K 30 K i~; (%%u.)

Jc
llc

—0.484
1.629

—1.145

0.23
0.22
0.24

0.13 +' 0.01
0.13+ 0.03

0.09 ~ 0.01
0.11+0.03

J c

llc

' 0.986
, 0.966,
—0.598

' —0.387 '

,
—Q.369 I

0.31

0.17

0.18

O(2,3)

0.05 ~ 0.01

0.01 ~ 0.01

0.02 ~ 0.03

0.26 ~ 0.01

0.16~ 0.01

0.16~ 0.03

I.c

llc

—0.375
—0.721

1.096

—0.02
0.03
0.08

O(4)
—0.01 +' 0.01

0.04+ Q.Q1

0.03 ~ 0.03

—0.01 ~ 0.01
—0.01 ~ Q.Q1

0.05 ~ 0.03

0' i, which is consistent with one hole per unit cell.
Using a point-charge model, (v„vB,v, )~ are calculated
in units of MHz as

0(l ): ( —0.0209,0.0798, —0.0589), ri 0.48,

0(2): (0.0631, —0.0245, —0.0386), ri 0.22,

0(3): ( —0.0208, 0.0539, —0.0331), ri 0.23, (3)

0(4): ( —0.0160, —0.0455,0.0615), ri 0.48 .

For each site, the values of v, I are positive and largest
along the Cu-0 bond axis, and the asymmetries are mod-
est (ri (0.5). The value of y is not known but should be
larger than that for Na+ (y 4.6) because 0 has a
larger ionic radius. ' We now discuss the second contri-
bution v B. A single hole in the p; orbital (i x,y, z)
produces an axial EFG whose largest component is along
the i direction and is given by v; B (2'0 )(~s)e I QI
x(r ). Setting (r ) 3.63 a.u. , which is 70%%u of the
free-atom value, ' we calculate for i a v, B (2.66,
—1.33, —1.33)h, where h is the fractional hole occupan-
cy in the p; orbital. It is possible that the holes occupy
more than one p orbital, but this requires an accidental
degeneracy which is less probable. It is therefore sim-
plest to assume that h 7 at each site. We consider two
possible directions for the largest EFG at the 0(2,3)
sites: parallel (case I) and perpendicular (case II) to the
bond axis. For case I, we find reasonable agreement be-
tween Eq. (2) and the measured values by taking
y

—9, h —,', and i parallel to the bond axis: v, (meas)
(0.976, —0.598, —0.378) and v (calc) (0.97, —0.42,

gs 3'+4',pl+ 2', br ~
(4)

where g~, ~~ (g~ b, ) is the contribution from the 0(2,3)
[0(4)l sites. K,„at the 0(2,3) sites is'

Kax, pl (Edged, pl+gp, pl+@)/~APB ~ (5)

—0.55). [Here we have taken the average measured
EFG for 0(2) and 0(3). The first number denotes the
component along the bond axis. l For case II, on the
other hand, values of v, (meas) + ( —0.598,0.976,
—0.378) are not consistent with any reasonable choice
of y (~5) and h (0-0.25). [For example, the values of
y —9 and h —,

'
give v, (calc) —(0.40,0.15, —0.55)

when i is perpendicular to the bond axis. ] We therefore
conclude that the direction of largest EFG at the 0(2,3)
sites is most likely along the Cu-0 bond axis.

We next consider the shift results. Both the spin and
the orbital magnetic moments could contribute to K,
K K, +K„b. K, is expected to be small at low temper-
atures in the superconducting state, while K„b will be
temperature independent, as discussed in the analysis of
Cu Knight shift. ' K„b may therefore be approximated
by the values of K at 30 K, which are also listed in Table
I. We will focus on the anisotropic part of K„defined as
K,„(K,—K, )/3 for the uniaxial case, because this
quantity is related to the spin density of the 0 p orbitals.
(The isotropic part of K, is mainly due to the contact
field from the 0 2s orbital. ' ) The anisotropic hyperfine
(dipolar) field from a singly occupied p, state is 2A~
& ( —(s„),—(sr), 2(s, )), where Ar —', PB(r ) 91 kOe/
pg. ' Note that this field is positive and larger along the
direction of the lobes of the p orbital. At the 0(2,3)
sites, K, is largest and shows uniaxial anisotropy around
the axis of the largest EFG, i.e., the bond axis. The
0(4) sites show an anisotropy of K in the a-b plane,
which is mostly of orbital origin. The spin part K, for
0(4) is nearly uniaxial and largest along the c axis.
These facts give direct evidence that the spin density on
the 0(2,3) and O(4) sites resides mostly on the p orbit-
als with lobes pointing along the bond axis. We note,
however, that the anisotropy of K„b (largest along the
bond axis) for 0(2,3) is not simply explained by unfilled

p orbitals, a fact which we do not understand. The an-
isotropy of K, is small at the 0(1) sites, meaning that ei-
ther that the 2p states do not carry appreciable spin den-
sity or that both p and p states contribute to K,, there-
by reducing the anisotropy. It is rather surprising that
the 0(1) and 0(4) sites show quite different magnitudes
and anisotropies of K, and K„b.

The measured anisotropy of K, can be used to esti-
mate the spin susceptiblity from the 0 p states so that
the total spin susceptibility can be decomposed into Cu d
(gd) and 0 p (g~) parts. We ignore the contribution
from the 0(1) sites since the number of 0(1) sites is

only 7 of the total oxygen sites and assume equal spin
susceptibility for both Cu sites. Thus

1867
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Here Ad ~~ is the dipole field from neighboring Cu sites.
A similar expression holds for the 0(4) sites. Using the
values g, 3.23 & 10 emu/mole, K,„,~~ 3.3 x 10
K,„,b, -2.0XIO ", Ad, ,~-2.3 kOe, and Ad, b, -2.1 kOe,
we obtain gd 7.5, g~, ~~ 1.8, g~ b, 1.1 (X10 emu/
mole). The entire 0 p contribution g~ 4g~~~+2g~b„-9.4X 10 5 emu/mole is 300/o of the total g, . There-
fore, the dominant contribution to the spin susceptibility
comes from Cu d states.

It is important to know how much of this spin density
is associated with the doped-hole carriers, because even
in the undoped system (YBa2Cu306p) covalency pro-
duces a 6nite spin density on the 0 p orbitals. This is
transferred from the Cu d„2 @2 states, as has been ob-
served in typical magnetic insulators. '6 This transferred
spin density is so strongly coupled to the Cu d spin that
both are treated as parts of a single spin system.

g„/g, for the undoped system may be estimated from
the calculation of Mila and Rice' who explicitly calcu-
late the hybridized molecular orbitals. One obtains

gt, /g, 0.10 (gt, ~~/g, 0.019, g~ b,/g, 0.013) which is
considerably smaller than the value obtained above for
the fully oxygenated material (Z~/g, 0.3). This dif-
ference may be interpreted as the contribution from the
additional holes doped into the p orbitals. In this case,
the doped material would be described in terms of two
separate, but coupled spin systems. On the other hand,
because of the large uncertainty in the estimation of the
transferred spin density and in light of the huge superex-
change [J-0,1 eV (Ref. 18)] in the undoped system,
g~/g, in the undoped system could be almost as large as
that in the fully oxygenated material. In this case, the
spin susceptibility of the doped holes must be very small
compared with that of Cu d spins. This case would sup-
port the model that doped-hole spins make local singlet
states with neighboring Cu d spins. ' It should be noted
that in either case (formation of the local singlet states
or two spin systems) the doped holes reside in the p or-
bitals. A clear distinction between these two cases
should be made by experiments on the undoped system.

In conclusion, we present a complete identi6cation of
the NMR lines corresponding to all oxygen sites in
YBa2Cu307. Measurements of the EFG and shift ten-
sors clarify the different character of the various 0 sites.
At the 0(2,3) and 0(4) sites, the spin density in the p
orbitals is likely to be responsible for the anisotropic

shift, taking the axis of the largest EFG along the Cu-0
bond axis. This then requires that doped holes go into
these p orbitals, independent of whether the oxygen
holes form local singlets with the Cu spins or have dis-
tinct degrees of freedom. For both cases, we expect a
strong hybridization between doped-hole states and Cu
d-spin states in the CuOq planes, resulting in a strong
antiferromagnetic coupling between them. ' This
seems to be consistent with the observed rapid decrease
in the Cu Knight shifts' and Cu(2) nuclear relaxation
rates ' below T„which clearly shows that Cu d spins are
involved in the pairing.

We appreciate stimulating discussion with D. Pines, S.
Trugman, F. J. Adrian, R. E. Walstedt, and W. W.
Warren. We thank E. J. Peterson for technical assis-
tance. This work was performed under the auspices of
the U.S. Department of Energy.
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