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Local symmetry of copper sites in La2 — Sr Cu04
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Nuclear quadrupole and magnetic resonances of copper ions in Lal.84Sro I6Cu04 have been per-
formed at temperatures between 300 and 5 K. The analysis of the spectra shows that there are two
electronically distinct copper sites for which the symmetry of the electric-field-gradient tensors is uni-
axial with the principal axis along the crystal c axis. This result constrains possible structural models.

Early nuclear quadrupole resonance (NQR) work on
La2 —„Sr„Cu04 (Refs. 1 and 2) has been interpreted as
evidence for two copper sites with distinct electric-field
gradients (EFG) in this compound. It has also been
found that the relative occupancy of two sites is sensi-
tive to strontium doping. More recently our measure-
ments have shown that one copper site, the 2 site, is na-
tive to the undoped compound and that occupancy of the
second site, the 8 site, is proportional to the doping level,
x. The structural and electronic properties of the second
site, and its eITect on superconductivity, have been the
subject of recent controversy which we address in this
paper.

Tan et al. interpreted their x-ray absorption near-edge
structure (XANES) data as evidence for a copper site
with fivefold coordination to oxygen. It was argued ' that
in nonstoichiometric compounds an interstitial oxygen
might be paired with an oxygen vacancy at the apical po-
sition, just above or below a copper ion along the c axis.
This idea was motivated in part by neutron-scattering
observations of an interstitial oxygen defect in oxygen rich
La2Cu04+b. However, neutron-scattering experiments
on Lap —«Sr„Cu04 (Ref. 6) appear to be inconsistent with
an oxygen vacancy in the apical position. Another possi-
bility is that the 8 site might correspond to the existence
of a second phase, macroscopically distinct from that con-
taining the A site, and one that is not observed by
diA'raction. Our experiments suggest otherwise. These re-
sults indicate that the two copper sites belong to the su-
perconducting compound with the same superconducting
properties and consequently both reside in the conduction
plane.

Existence of a second copper site with a substantially
diferent local electronic environment situated in the
copper-oxygen plane, may be important to our under-

standing of superconductivity in this system. For exam-
ple, a non-s-wave pairing state is exponentially sensitive to
potential scattering from impurities. However, it is
known that T, of La2 — Sr„Cu04 increases with increas-
ing strontium doping, for x & 0.16. This implies that T, is
not controlled by defects in the conduction plane intro-
duced by strontium having concentration x. Consequent-
ly, it is likely that superconductivity is s wave.

In this paper, we discuss NMR and NQR measure-
ments on a La~ 84Sroj6Cu04 sample and demonstrate
that the symmetry of the EFG tensor at site 8 is uniaxial
with negligible asymmetry and that the direction of the
principal axis is along the crystal c axis. We will discuss
the implications of this on structural models for site 8.

The sample was prepared by the solid reaction of ap-
propriate metal oxides of high purity and the product was
found to be phase pure and homogeneous. The details of
the synthesis and x-ray difraction analysis have been pub-
lished elsewhere. The powder was finely ground and cast
in epoxy (Stycast 1266, Emerson and Cumming Co.) and
allowed to cure in a strong magnetic field. Alignment of
the crystallite c axes was indicated by x-ray rocking
curve" measurements having a full width at half max-
imum of 7.8 . A sharp ' La NMR line ( —,

' to —
—,
' tran-

sition) and an angular study of the spectrum confirmed
that there was substantial alignment. The superconduct-
ing transition was measured by static magnetization in a
magnetic field of 10 Oe and T, was found to be 36.4 K.
NQR measurements were performed on a powder sample
of approximately 2 g. The NMR measurements were per-
formed at 3.47 T on a sample of about 1 g with the align-
ment direction perpendicular to the magnetic field. The
NMR and NQR spectra were measured with a spin-echo
pulsed method.

An example of the Cu and Cu NQR and NMR
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spectra of Laz „Sr„Cu04 at 5 K are shown in Fig. 1. All
spectra consist of pairs of peaks attributable to the two
isotopes. The NQR spectrum is consistent with earlier re-
sults. ' The spectrum can be understood as a superposi-
tion of two copper sites with different EFG tensors. The 8
site is assigned to the smaller peak at 39 MHz, with the
main peak, site A, to the peak at 36 MHz. Note that by
NQR alone the EFG tensor cannot be determined. The
NQR frequencies of the two sites are listed in Table I.
The spin-spin relaxation, T2, was measured at each site
and the T2 data were used to determine the correct rela-
tive intensities. The intensity of site 8 was found to be
15%+ 3% of the total spectrum, equal to the strontium
doping.

The Hamiltonian, including both magnetic and electric
interactions for a copper nucleus, is'o

H = —yH, „i 0I+ V, [3I, I(I+ 1)—+ rI(Iy —I„)],
where I, (a =x,y, z) are spin operators in a coordinate
frame that diagonalizes the EFG tensor and boldface
denotes a vector. y is the gyromagnetic ratio, V,= (eg/12) V„where Q is the quadrupole moment, rl is the
asymmetry parameter, t) = (V~~

—V„„)/V„, 0 ~ g ( 1,
and the indices indicate partial derivatives of the electro-
static potential V(x,y, z). The magnetic shift has been
neglected since it is a small effect compared with that of

(a) NQR

TABLE I. Peak frequencies and second moments cr of 'Cu
NQR and NMR spectrum (MHz).

Site
NQR

frequency

35.85
39.25

NQR o

1.00
0.55

NMR
frequency

45.25
46.65

0.56
0.35

the quadrupolar term. At zero field the NQR frequency
can be shown to be

fNqa =2V~(9+3@ ) (2)

For a c-axis aligned sample the a and b axes are ran-
domly oriented in a plane. In general, if the EFG princi-
pal axis z is at an angle 0 to the crystal c axis, the NMR
spectrum is an average over all z orientations forming a
cone as shown in the inset of Fig. 3. It is sufhcient to con-
sider only the & to —

2 transition. To analyze the corre-
sponding NMR spectrum of site A, it is reasonable to take
0 =0, since the A site is assigned to copper coordinated to
six oxygen atoms in the tetragonal structure. In this case
the magnetic field is perpendicular to z~ and the NMR
frequency is a function of azimuthal angle p for a nonzero
g. The observed NMR spectrum will be a two-
dimensional powder average over all p, which we expect to
have three singularities at &=0', 90', and approximate
28' (in the range 0.5 ( rl (1). Using the Hamiltonian,
Eq. (1), we have calculated the frequencies of the three
singularities as a function of q and show them in Fig. 2.
Note that all three singularities become degenerate at
r1=0. The measured NQR frequency of site A was used
as a constraint on V„and ri, as expressed in Eq. (2). The
observed peak in the NMR spectrum at 45.3 MHz rules
out the possibility of a large asymmetry parameter for site
A, and consequently g~ =0.

We can set a quantitative upper bound on q& from an
analysis of the second moment of the NMR spectrum.
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FIG. l. (a) NQR and (b) NMR spectra of Cu and 'Cu of
La2 —,Sr, Cu04 at 5 K (Ref. 4). The solid lines are fits for the
two-site model. For the fitting of the NMR spectrum, the EFG
tensors of both sites are taken to be uniaxial with the principal
axis along the crystal c axis. The thin solid lines are the contri-
butions from each site as labeled.
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FIG. 2. Calculated transverse Cu NMR frequencies of site
A as a function of q at three singularities, &=0, 90, and ap-
proximately 28' for g) 0.5 (solid circles). The measured NQR
frequency of site A is used as a constraint on V, and tl, Eq. (2).
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FIG. 3. Calculated spectra for a c-axis aligned sample with
zg parallel and perpendicular to the c axis and for diFerent g
and p as labeled in the graph. The thick line is the spectrum for
z&lac, g =0, whose intensity is reduced by a factor of 5 to fit the
graph. A Gaussian broadening function is used with a width
similar to that observed in the NMR experiment.

For small nonzero g, the average over p would appear as
an additional broadening of the spectrum given by the
difference between the NMR frequencies for p 0' and
90'. Another contribution to the second moment of the
NMR spectrum comes from distribution of the EFG ten-
sor measured by the NQR linewidth which we estimate to
be 0.34 MHz. " The remaining, unaccounted for
broadening of 0.43 MHz establishes an upper bound on
the value of g~, 0 ~ g~ & 0.09.

Turning to the analysis of site 8, we cannot assume a
priori that the symmetry axis of the EFG tensor is parallel
to the c axis. In general, for a powder sample the NMR
spectrum of a nucleus with a quadrupolar moment is an
average over all possible orientations of the EFG relative
to the magnetic field and the intensity is spread out over a
broad range of frequencies resulting in a powder pattern.
In a c-axis aligned sample this average is over a cone as
displayed in the inset of Fig. 3. We have closely examined
two situations for the principal axis of the site 8 EFG ten-
sor, zti, both parallel and perpendicular to the c axis for
different values of q. A selection of calculated spectra are
shown in Fig. 3. A Gaussian broadening function was
used in the calculations with a width similar to that ob-
served in the NMR experiments. The general features of
these spectra are that there are three singularities, and
that the one at the lowest frequency has the largest
weight. A singularity can occur in the frequency range of
interest (—47.6 MHz) with an appropriate choice of g
and orientation of z8, for example, one such case could be
rt=1, zti Lc, &=72'. However, the intensity of such a
singularity is about, '& of the total intensity. In the spe-
cial case where g =0, x~llc, such as for site A, the NMR
frequency is independent of p and the spectrum is a single
resonance line with a full intensity shown by the thick line

in Fig. 3.
In our transverse NMR spectrum peak 8 is narrow.

The deconvoluted spectrum shows that the relative inten-
sity attributed to site 8 is 21% ~ 4%%uo, in reasonable agree-
ment with the intensity of 15%~ 3% found for site 8 in
the NQR measurement. This indicates that the NMR in-
tensity of site 8 is not distributed in a two-dimensional
powder average such as shown in Fig. 3. Thus zg must be
oriented along the crystal c axis and the asymmetry pa-
rameter must be small. A similar analysis of the NMR
linewidth for site 8, as for site A, requires that rtti & 0.06.
More rigorously, the intensity argument leads to the con-
clusion that the two sites have identical symmetry. Hav-
ing established the symmetry properties of the EFG tensor
of site 8, we now turn to discuss its implication for
structural models.

We have measured the total magnetic shift of both
sites A and 8, and found that they have the same tempera-
ture dependence, namely, temperature independent in the
normal state with a sharp reduction in the superconduct-
ing state. There is a nonzero, constant difference between
the NMR frequency shifts of sites A and 8 for all temper-
atures, Kg —K~ =0.40%+ 0.1%. This is attributed to a
difference in orbital shift. A difference in the orbital shift
of such magnitude and that in the EFG tensor imply a
substantial change in the local electronic environment,
such as a change in coordination by oxygen or in the
valence structure. By way of comparison, in the com-
pound YBa2Cu307 the transverse orbital shift of the
copper at plane and chain sites is 0.3%%uo and the difference
jn their EFG js about 3S%. '

The symmetry of the site 8 EFG tensor would rule out
the possibility that this copper site was associated with an
oxygen defect in the copper-oxygen plane, although such
planar oxygen defects have been found to occur for
x &0.25. ' An apical oxygen vacancy, as proposed by
Tan et al. satisfies the symmetry constraint on the EFG
tensor as we infer from our measurements. However, it
should not produce a significant change in the copper or-
bital shift due to the symmetry of the copper d and oxygen
p orbitals. Generally, the transverse orbital shift is given
by E„&J)cz:p~(OIL, ~~, ~In)I /AE, ' where L t~~ is the orbit-
al angular momentum operator. ~0) and In) indicate
ground and excited states, and AE is the excitation energy
measured from the ground state. The sum is over excited
states. In the case of copper d orbitals in La2 —„Sr Cu04,
IO) =x —y, In) =xz, yz, xy, and z . Due to the symme-
try of the angular momentum operator, only xz and yz
contribute to the transverse orbital shift. Note that to
first-order approximation, the p, orbital of apical oxygen
has zero net overlap with orbitals x —y, xz, or yz, so
that the excitation specturm for them will not shift due to
the loss of apical oxygen. Furthermore, the neutron-scat-
tering data does not support the existence of an apical
oxygen vacancy.

It is generally believed that the introduction of stronti-
um in La2 — Sr Cu04 stabilizes the hole doping which
provides metallic conductivity in the normal state. In ad-
dition to this, strontium may aAect copper locally,
through either structure deformations or further oxidation
of some copper, giving rise to site 8. Since neutron
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diffraction does not suggest a structural deformation
identifiable with the second site, we have considered that
copper at site 8 may be partially oxidized to a diAerent
level. In this model the density of site 8 is proportional
to x. Our measurements of the relative intensity of the 8
site in a series of samples 0.10 & x & 0.20 show that the
intensity of site 8 is equal to x within experimental error.
This implies that one copper is partially oxidized by one
strontium. Such a difference in the oxidation level of
copper would induce a significant change in the orbital
shift. This model also preserves the c-axis symmetry of
the EFG tensor which is consistent with what we infer
from our measurements. It is also likely that further oxi-
dation alters the magnitude of the EFG.

In summary, using copper magnetic resonance in

La2 — Sr„Cu04 we have demonstrated that the EFG ten-
sors of two copper sites have uniaxial symmetry. This re-
sult, together with NMR frequency shift data, suggests
that charge differentiation is a reasonable tnodel for a
second copper site in La2 „Sr„Cu04. It is interesting to
consider that the concentration of such defects in the con-
duction plane is sufficiently large that superconductivity in
La2 —,Sr„Cu04 might be viewed as being inherently in the
dirty limit.
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