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$Cu and **Cu nuclear quadrupole resonance (NQR) results of eleven YBa,Cu3O samples
with x ranging from 7.00 to 6.00 are reported. All measurements were done at room tempera-
ture. An attempt was made to quantify integrated signal intensities. The spin-lattice relaxation
times (T';) were either shorter than 0.3 ms or longer than 60 ms. Because the short relaxation
times are interpreted as arising from the interaction with conduction electrons, the 7'y’s could be
used to distinguish between metallic and nonconducting substructures. In the 7.0 < x < 6.9 range
where T. =90 K, the shapes of the NQR spectra were independent of x, but their overall intensity
decreased with decreasing oxygen content. In the intermediate range, 6.8 < x < 6.4 where T, =55
K, narrow peaks due to nonconducting substructures were observed together with a distinctive
short-T' line shape, indicating that the (super)conducting state with this oxygen stoichiometry is
essentially different from that at x=7. This short-7; signal was more pronounced in low-
temperature annealed samples for which a 7. of 55 K was observed over a larger x range. It is
shown to be consistent with a superordered structure of oxygen vacancies in the conducting sub-
structures. No metallic sites were found for x < 6.3 where T.~0. A total of six Cu resonance
frequencies were identified between 20 and 32 MHz, some of which could be assigned to specific
local crystal structures. In several instances, when the oxygen content was lowered, an NQR
peak due to metallic Cu was replaced by a nonmetallic signal at the same frequency. The overall
integrated NQR intensity gradually decreased from a value corresponding to three Cu atoms per
formula unit for x=7 to 1 Cu for x=6. This is thought to be caused by antiferromagnetic in-

teractions of the electron spins.

I. INTRODUCTION

A number of nuclear quadrupole resonance!”!!
(NQR) and nuclear magnetic resonance' %7710
(NMR) studies of the high-T. oxide superconductor
YBa,;Cu30, have demonstrated that the magnetic reso-
nance properties of the 3Cu and %Cu nuclei may reveal
information pertinent to the understanding of supercon-
ductivity in this family of materials. In particular, the
temperature dependence of the spin-lattice relaxation
times 7', has been investigated as a tool for characterizing
electronic properties of the conducting and superconduct-
ing phases.?3>~8 Most of these studies have concentrated
on the YBa,;Cu3O, stoichiometries which have optimum
superconducting properties, i.e., those with x close to 7. A
recent exception is the NQR work on x =6.7 and 6.0 com-
pounds by Warren et al. !

In this paper we report NQR spectra of a series of
YBa;Cu3;0O, samples where the oxygen stoichiometry
varies in small steps from x =7 to x =6. Several structur-
al and physical properties have been reported to change
dramatically when x is decreased. Particularly interesting
is the stoichiometry dependence of the transition tempera-
ture 7,..'271% The T.’s of samples identical to those used
for the present NQR investigation have been previously
reported and are plotted vs x in Fig. 1.!3 The figure shows
the results obtained for two sets of samples, one (A)
prepared by quenching from a high temperature where an
equilibrium composition has been reached in an oxygen
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atmosphere, and the other (®) by reducing high oxygen
content samples by low-temperature annealing in vacuum.
These results show that T, gradually decreases from 90 K
at x=7 to ~0 K at x ~6.4, with a plateau around 60 K
at x ~6.6. In addition, conductivity measurements have
shown that samples with x > 6.4 are metallic above T,
while the x < 6.4 samples are insulators.'* The magnetic
properties are correlated with the conductivity in that the
conducting phases are essentially nonmagnetic, whereas
compositions in the insulating regime are at least partially
antlisferll;omagnetic with Néel temperatures around 400
K.~

The present magnetic resonance study is intended to
provide structural and electronic information at the atom-
ic level which may contribute to the understanding of
these phenomena. Our major objective is to characterize
structures rather than to examine the mechanism of su-
perconductivity. We are not primarily interested in the
superconducting energy gap and, therefore, we restricted
our work to room-temperature measurements. We have
been careful to make our measurements as quantitative as
practically possible. Most of the NQR data were obtained
for the samples that were quenched from high tempera-
tures at which oxygen equilibrium was first established.
Since T, is a continuous function of x in this series of
samples (see Fig. 1) we may hope that a similarly continu-
ous variation of the NQR spectra will help elucidate the
fundamental structural changes that underlie the super-
conductivity properties. For comparison we have also in-
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FIG. 1. Onset temperature of magnetic flux exclusion (7,) vs
oxygen stoichiometry for two samples preparation methods of
YBa;Cu3Ox. A represent quenched from high temperatures; ®
represent low-temperature vacuum annealed (from Ref. 13).

vestigated two low-temperature annealed samples which
exhibit a better defined 7, plateau for x between 6.4 and
6.6 (Fig. 1).

II. EXPERIMENT
A. Sample preparation

Powders were prepared and oxygen contents established
using methods that have been previously described.!3
Briefly, this involves a standard solid-state synthesis of
YBa,Cu305 using binary oxides and BaQ; as the source of
barium. Oxygen contents were fixed by establishing the
equilibrium oxygen stoichiometry in air at a given temper-
ature, and rapidly quenching by direct immersion in liquid
N,. Vacuum thermogravimetric analysis (TGA) methods
were then used to measure the oxygen stoichiometry of
each quenched sample. In each case, the measured
stoichiometry was within 0.05 stoichiometry units of that
expected from the known equilibrium values at the tem-
perature from which the sample was quenched. The
highest oxygen content, x =7.00, was attained by addi-
tional annealing in oxygen at 350°C. The starting ma-
terial for the low-temperature annealed samples was an
x~7 compound. This material was heated in vacuum at
450°C in a microbalance assembly. The heating was ter-
minated when the desired weight loss was reached.

A series of similarly prepared samples have been
characterized previously by measurements of 7., Meiss-
ner volume fraction, and x-ray powder diffraction. The
results of that study have been published elsewhere. 13

B. Magnetic resonance

The NQR measurements were performed at room tem-
perature with a Bruker CXP300 NMR spectrometer us-
ing a probe with a coil insert tunable from 20 to 40 MHz.
The rf coil was 3 cm long and its diameter could accom-
modate S mm NMR tubes. The data were obtained with
a two-pulse echo sequence,

Pgo—1— P30 — 7 —detect, 1)

where Pgo and P39 were rf pulses of 4 and 8 us length, re-
spectively, and 7 was 20 us in all experiments except in 7',
measurements. The NQR line shapes were measured
point by point with this echo sequence. The transmitter
gain was adjusted to obtain maximum signal intensity of
Cu,0 at 26.0 MHz (Refs. 18, 19) and was kept constant
over the whole frequency range. At each spectrometer
frequency the tuning of transmitter, probe, and receiver
preamplifier were optimized. This procedure proved to be
adequate for ensuring that Pgy and P;go represented
effective “90°”” and “180°” pulses over the entire frequen-
cy range. Since the effectiveness of rf irradiation is a
function of the crystal orientation with respect to the rf-
polarization direction,?® the concepts of 90° and 180°
pulses are, at most, loosely defined when powder samples
are concerned. One fortunate consequence of this is that
the echo intensity as a function of the rf amplitude has a
much broader maximum in an NQR echo experiment
than in an ordinary NMR spin-echo experiment.

The second half of the echo was detected in quadrature
mode with a 0.5 us dwell time, and was subsequently
Fourier transformed. The signal thus obtained represents
a slice of the actual NQR line shape, which for the
YBa,Cu3;0, powders (but not for Cu,0) is much broader
than the spectral area affected by the rf irradiation.
Therefore, the signal peaks had a universal shape that was
solely determined by the nature of the rf pulses so that rel-
ative signal amplitudes could readily be determined by
comparison with an arbitrarily chosen reference signal.
By comparing complete peak shapes, the intensity deter-
mination is not severely affected by random noise and oth-
er spurious signals picked up from external radiation
sources. Although the width of the Fourier-transformed
signals is determined by the rf amplitude, the observed
peak is much broader than that because signal com-
ponents far off resonance are also partially excited. How-
ever, we could suppress signal intensity far off resonance
by addition of the echoes obtained from (Pgg, P s0) pulses
with phases (x,x) and (—x,y) and subtraction of echoes
obtained with phases (—x,x) and (x,y). This also elim-
inated pulse feedthrough signals and baseline artifacts.
The line-shape slices obtained in this fashion had a full
width at half height of 0.05 MHz.

The measured signal intensities were converted to Cu
atom concentrations by dividing by the weight of the Cu
contained in the sample and by the square of the reso-
nance frequency. This gave the intensity points that were
plotted, in arbitrary units, in the line-shape figures
presented in this paper. This numerical procedure is
based on the expression for the detected amplitude of
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magnetic resonance signals?!

S=f(WINIUI+1)yv?, )

where v is the frequency, IV is the number of resonating
spins, and 7y is the gyromagnetic ratio. The function f(v)
represents the response function of the electronics. In a
number of NMR and NQR experiments it was verified
that f(v) may be considered constant over the frequency
range 20-30 MHz, provided the same rf coil is used
throughout. In these measurements we compared the
NQR signal intensities of *°Cl in K,IrCls (20.7 MHz)
(Ref. 22) and K3PtClg (25.8 MHz),% and of *Cu and
%Cu in Cu,0 (26.0 and 24.0 MHz).'®!° Also compared
were the 3°Cl and 3’Cl NMR signal intensities of an aque-
ous solution of NH4Cl in a magnetic field of 7.05 T (29.41
and 24.48 MHz). All the results of these measurements
agreed well within *+15% with the assumption of a

frequency-independent f(v) in Eq.(2), while there was no -

indication of a monotonic change of f(v) with increasing
v. Since the error may be as large as * 15%, the ratio of
the v’s of the two Cu isotopes (y¢3/765=0.933) may be
neglected when the NQR signal intensities of %*Cu and
8Cu (occurring at frequencies with a ratio given by
Q63/Q65=1.083) are compared. Hence, the intensity ra-
tio is expected to always be equal to the ratio of natural
abundances (ng3/ngs =2.24).

One of the major complications in Cu NQR spin count-
ing is T, relaxation which reduces the echo intensity by a
factor exp(—21/T,). For instance, the K,IrClg signal
mentioned above had to be corrected for 7, =70 us, cor-
responding to a signal reduction to 0.56 when =20 us.
Unfortunately, the 7, decays measured for several
YBa,Cu;0, samples at selected frequencies corresponded
to signal reductions by factors that range from 0.55 to
0.85. Sometimes the T, decays appear to have a Gaussian
rather than an exponential 7 dependence. In any case, T
decay may introduce a spin-count error of =+ 25%. All
factors combined, we must conclude that the NQR inten-
sity results reported in this paper may be subject to sys-
tematic uncertainties of up to *40%. However, the re-
sults obtained for the integrated intensities (see below)
suggested that this number is on the pessimistic side.

With the procedure outlined above one may compare
quantitative results of different samples and, by compar-
ison with a suitable standard, absolute spin counting
should be possible. We have done this with Cu,O (re-
duced by heating in argon to convert any CuO to Cu,O)
as a reference. The width of the Cu,O resonance peak
(0.01 MHz), which is much smaller than the spectral
“slices” measured by the echo method of Eq.(1), necessi-
tates a method of signal integration that is quite different
from the point-by-point addition of the wide YBa,Cu30,
spectra, and thus may cast some doubt on the validity of
the intensity comparison. Nevertheless, the integrated in-
tensities of the high- and low-frequency peaks in the
x=7.00 spectrum determined by this method correspond-
ed to 1.97 and 0.95 Cu atoms per formula unit, respective-
ly (see below). Since we have reason to believe that the
x=7.00 sample has a nearly ideal vacancy-free crystal
structure, and should thus give rise to two signals corre-
sponding to 2 and 1 Cu atom per formula unit, we con-
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clude that the integrated NQR intensities may (with
reasonable confidence) be used as a measure of numbers
of resonating Cu nuclei.

The actual spectral data points were obtained by signal
averaging of between 1000 and 150000 scans with a delay
time between scans that ranged from 10 ms to 2 s, de-
pending on the 7';. An exponential multiplication corre-
sponding to a 10 kHz line broadening preceded the
Fourier transformation. Spin-lattice relaxation times T’
were measured with the saturation recovery method. Sig-
nal saturation was achieved by application of a sequence
of 4 us x pulses, equally spaced at 20 us. From the depen-
dence of the signal intensity on the delay time between the
saturation and the echo-pulse sequences, 7'; was deter-
mined. Because the time scales of the saturation and
detection sequences themselves are more than 20 us, Ty’s
that were shorter than 100 us could not be measured ac-
curately. It was often found that the relaxation was
characterized by more than one 7T';. In those cases, the
data were analyzed as a double-exponential decay. When
the two T'\’s were different by at least two orders of mag-
nitude, we were able to separately measure the line shape
of the short-T; component by determination of the echo
intensities obtained after saturation recovery with an ap-
propriately chosen value of the delay time, usually 1 ms.
The NMR data were obtained in a fixed magnetic field of
7.05 T. The frequency dependence of the signal ampli-
tude was measured point by point with an echo method
similar to the one described for the NQR experiments.
The pulse lengths were 3 and 6 us; t=10 us.

III. RESULTS
A. Line shapes and integrated intensities

The NQR line shapes measured for the series of
quenched YBa;Cu30, samples, with x ranging from 7.00
to 6.09, are shown in Fig. 2. The open symbols in the
figure represent intensities of NQR signals having a 7'; re-
laxation time shorter than 1 ms. In the case of coexisting
short- and long-7", components, these data points were
measured by the presaturation method with a 1 ms
recovery time. The filled symbols denote the full signal in-
tensity, i.e., the total of the short-7; and long-7'; com-
ponents. The spectra in Fig. 2 are normalized to a uni-
form intensity scale. The integrated signal intensities,
converted to Cu atoms per formula unit, are listed in
Table 1.

The x=7.00 line shape agrees with previously pub-
lished spectra.! ~'° It consists of two ®*Cu-%Cu doublets
with %3Cu resonance peaks at 22.1 and 31.2 MHz, which
have been assigned by others>” ~!! to the crystallographic
Cu(1) sites in the CuO chains and the Cu(2) sites in the
CuO; planes, respectively (see Fig. 3). When x is de-
creased from 7 to 6, oxygen atoms are removed from the
O(1) positions in the chains.?* ~2¢ This is accompanied by
several changes in the intensities, positions, and T’
characteristics of the peaks shown in Fig. 2. We will at-
tempt to relate these spectral changes to the stoichiometry
dependence of the geometric and electronic properties of
local Cu environments.
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FIG. 2. Cu NQR line shapes of a series of high-temperature quenched YBa;Cu3O, samples for various values of x as indicated.
The signal intensities are plotted on a uniform intensity scale, normalized to Cu weight, and divided by the square of the frequency v.
The open symbols represent signal components with 71 <1 ms. The closed symbols represent signal intensities measured after full

T'-relaxation recovery.

B. Spin-lattice relaxation

Before discussing the line shapes we report the results
of T| measurements that were carried out for some of the
samples at the resonance frequencies of selected line-
shape maxima. As stated in Sec. II, the T, recoveries
were often multiexponential, but in the numerical analysis
of the results we assumed the existence of not more than
two characteristic relaxation rates. An example is shown
in Fig. 4 where the observed signal intensity of the
x=6.80 sample at 31.2 MHz is plotted versus the delay

TABLE I. Integrated NQR signal intensities measured in the
quenched and annealed (a) YBa,Cu3;Ox samples. The intensi-
ties are converted to numbers of Cu atoms per formula unit.

20-24 MHz 24-32 MHz
x Short Ty Long T: Short 71 Long 71 Total
7.00 1.0 2.0 3.0
6.97 0.6 1.3 1.9
6.94 0.6 1.1 1.7
6.80 0.5 0.13 1.4 0.2 2.1
6.60 0.4 1.0 0.4 1.8
6.51(a) 0.2 0.13 0.8 0.5 1.7
6.42 0.2 0.11 0.3 0.6 1.2
6.38(a) 0.13 0.2 0.4 0.7 1.5
6.28 0.14 0.7 0.8
6.09 0.9 0.9
6.00 1.1 1.1

time which in the 7; experiment was incremented loga-
rithmically from 50 us to 3 s. The result of a double-
exponential curve fitting is also shown. The plateau
around 1 ms clearly demonstrates the coexistence of wide-
ly different relaxation rates. The data with delay times
shorter than 0.1 ms indicate that the analysis in terms of
two exponentials may be an oversimplification, although
there is reason to suspect that the measurements at these
short times may not be entirely reliable (see Sec. II).

The T; results are summarized in Table II. Relaxation
times are presented without the relative amplitudes of the
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FIG. 3. Crystal structures of YBa;Cu3O7 and YBa>Cu3Os.
Dotted circles indicate oxygen vacancies.
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FIG. 4. Signal intensity as a function of the delay time 7, in a
saturation recovery experiment at 31.2 MHz of an YBa;-
Cu3Oss0 sample, prepared by quenching from a high-
temperature oxygen equilibrium. The symbols denote the exper-
imental points. The curve is the result of a fit to a double ex-
ponential recovery with 71 =0.29 and 62 ms, and respective rel-
ative amplitudes of 39% and 61%.

components of double exponentials. The latter are deter-
mined by the frequency profiles of the line shapes and for
those we refer to Fig. 2 and the following discussion.
Table II shows that the T';’s are either shorter than 0.6 ms
or longer than 13 ms. In fact, nearly all T';’s fall outside
the 0.3-60 ms range, thus forming a bimodal distribution
with a gap of two orders of magnitude. Based on the com-
mon interpretation of Cu spin-lattice relaxation in con-
ductors and insulators,>>>~%!! we identify the Cu sites
having short 7; (<1 ms) with structural elements that
are conducting, and those having long 7'y (> 10 ms) with
nonconducting substructures. Thus, the NQR data in
Table II show that when x is close to 7.0, all Cu atoms are
in conducting environments at room temperature, and
when x < 6.4, no conducting substructures are present.
Normal-state resistivity measurements of materials with
these oxygen stoichiometries are consistent with this inter-
pretation.’* In the samples with intermediate stoi-
chiometries of x between 6.8 and 6.4, insulating and con-
ducting substructures coexist.

TABLE II. T relaxation times (in ms) of ®*Cu signals mea-
sured at room temperature at selected NQR frequencies in
several samples of YBa;Cu3O,. Double entries indicate double
exponential saturation recoveries.

Frequency (MHz)

x 22.1 23.0 29.9 30.6 31.2
6.97 0.08 0.3
6.80 0.04/0.4 0.2/25 0.3 0.3/60
6.60 0.04/0.4 0.13/14 0.2/90
6.42 0.6/60 0.07/70 0.07/80
6.28 30 13/70 100
6.09 140/800
6.00 200
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FIG. 5. Cu NQR line shapes of YBa;Cu30O7 and ErBa;Cu;O-
(top); and YBa>Cu30s and ErBa;Cu3Os (bottom). The curves
and the symbols represent the results measured in the Y and Er
samples, respectively. The signal intensities are normalized as in
Fig. 2, but the bottom spectra are scaled down by a factor 2 with
respect to the top spectra.

C. x=7.00

Since the crystal structures of the O; and O¢ composi-
tions are best understood, we first discuss the spectra of
the highest and lowest x values. As mentioned in Sec. I1I,
the x =7.00 line shape agrees with the observation and in-
terpretation of previously published spectra. The in-.
tegrated intensities of the high- and low-frequency signals
(Table I) have the appropriate ratio of 2:1 for the assign-
ment of the 31.2- and 22.1-MHz peaks to coppers in the
planes and in the chains, respectively. We note that the
31.2-MHz peak has a shoulder around 30 MHz, which is
in fact a spectral region where NQR signals were found in
YBa;Cu3O, samples with lower oxygen content (see
below).

Further evidence for the peak assignments is obtained
from the NQR spectra of ErBa,CusO;7—5. Er is known to
reside exclusively on Y sites.?’” Because of the proximity
of this site to the CuO; planes (see Fig. 3), the NQR sig-
nal of Cu(2) is expected to be affected the most. Figure
5(a) shows that the observed shifts of Er relative to Y are
consistent with the above assignment. In addition to a
shift of the 31.2-MHz peak to 30.95 MHz, the relaxation
times associated with it have also been shorten by the Y-
to-Er substitution: 7'y from 0.3 to 0.1 ms and 7, from 90
to 50 us. These changes are related to the nuclear relaxa-
tion mechanism caused by the unpaired electrons of the
paramagnetic Er** ions. No such changes were found for
the 22.1-MHz peak, which remained unchanged in its fre-
quency, as well as in its 7; (0.07 vs 0.08 ms) and T, (90
vs 80 us).

D. x=6.00 and 6.09

The NQR spectra of the x=6.00 and 6.09 stoi-
chiometries have nearly identical line-shape profiles and



39 Cu NUCLEAR QUADRUPOLE RESONANCE OF YBa,Cuy;0, ...

slightly different integrated intensities [see Table I and
Figs. 2 and 5(b)]. The line shape consists of a single
63Cu-%Cu signal pair at 29.9-27.6 MHz. The integrated
intensities are close to 1 Cu per formula unit, suggesting
that this is the signal Cu(1). The large jump in resonance

frequency from 22.1 MHz (x=7) to 29.9 MHz (x=6) .

does not contradict this assignment. On the contrary, the
stoichiometry change which is accompanied by a reduc-
tion of the chain-Cu coordination from four to two oxy-
gens (see Fig. 3) and by an increase in the number of Cu d
electrons, should be expected to have a profound effect on
the electric field gradient. Further support for assigning
the 29.9-MHz peak to Cu(l) is provided by the NQR
spectrum of the Er-substituted x ~6 compound, which is
superimposed on the spectrum of the x=6.00 Y analog in
Fig. 5(b). The Cu peaks in the Y and Er compounds have
identical frequencies and widths and comparable integrat-
ed intensity and relaxation behavior.

Having identified the Cu(1) signal of the x=6 struc-
ture, we must now comment on the missing spectral con-
tribution from the planes. In general, we may attribute
the absence of NQR signal intensity to one or more of the
following causes. (a) The resonance falls outside the in-
vestigated frequency range of 20 to 33 MHz. (b) The ox-
ygen vacancies introduce disorder in the local environ-
ments of the Cu atoms, spreading the NQR frequencies
over such a wide range that the signal is broadened
beyond detection. (c) The T relaxation time is exces-
sively long, making the point-by-point signal search so
tedious that the signal has been overlooked. (d) The T,
relaxation time is excessively short, preventing the forma-
tion of echoes. Relaxation behavior of this type could be
caused by electron spin paramagnetism of the Cu sites.
(e) Antiferromagnetic or ferromagnetic ordering of the
electron spins shifts the nuclear-magnetic signals beyond
the detection range. The least probable possibility may be
that of chain-oxygen disorder (b), because if it were
effective in obliterating the Cu(2) (plane) signal, it should
have an even more profound effect on the Cu(1) spectrum.
We have searched for long-T, signals (delay times up to 2
s) at several resonance frequencies (22.1, 23.1, 27.0 30.5)
to partially ensure that excessively long 7' is not inhibit-
ing signal detection. On the other hand, since it has been
established '>'® that Cu(1) sites in the x =6 structure are
nonmagnetic while the Cu atoms in the planes are antifer-
romagnetically ordered, possibility (e) seems to be the
most probable cause for the absence of the Cu(2) signal.

We have also examined the 6.09 sample by NMR in a
field of 7.0 T. The NMR spectrum (not shown) repre-
sents the m =+ — % transition of the Cu(1) nuclei which
is broadened to second order by the quadrupole interac-
tion. It has the characteristic line shape of a powder pat-
tern due to an axially symmetric quadrupole tensor with
singularities at the high- and low-frequency edges which
are shifted from the NMR resonance frequency vy by

— 5 vd/vo and 15 v}/vo, where v is the corresponding

NQR frequency. The singularities are at 75.9 and 81.75
MHz, which correspond to an NMR frequency of
v0=79.6 MHz and an NQR frequency of vp =29.9 MHz.
This is in excellent agreement with the measured NQR re-
sult. We also measured the NMR spectrum of Cu,0O. It
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showed singularities at 76.81 and 81.31 MHz, which cor-
respond to an NMR frequency of vo=79.7. We thus ob-
serve a chemical shift of about 0.1 MHz or 1200 ppm for
Y Ba;Cu30¢,09 with respect to Cu,O. This is much smaller
than the Knight shifts of 1.25% and 0.6% that were found
for the x =7 compound® and is thus in agreement with the
nonmetallic character of the x =6 samples.

E. 700 <x <6.9

As may be seen from the first three spectra in Fig. 2,
the NQR spectra of samples with small amounts of oxy-
gen vacancies (x = 6.94) are not very much different from
the fully oxidized x =7 spectrum. However, the peaks be-
come broader and the overall intensity decreases. This is
obviously due to the structural disorder introduced by the
oxygen vacancies. Unfortunately, we do not detect a sig-
nal of the distorted Cu sites, except for the low-frequency
shoulder of the 31.2 MHz-peak which grows in relative in-
tensity when x decreases from 7.00 to 6.94. The measured
intensity ratios of the high- and low-frequency signals
remains close to 2:1 over this stoichiometry range (see
Table I). Thus, the Cu sites in the planes and in the
chains are affected to the same extent by the oxygen va-
cancies in the chains. In Sec. IV we propose a possible
model of the vacancies.

F. 6.8<x<6.4

When x is reduced to 6.8 the NQR line shape of the
quenched YBa;Cu3;O, sample undergoes fundamental
changes (Fig. 2). A long-T; signal appears and the
short-T'; signals are shifted to different frequency regions.
The short-7"; component, which we assign to the conduct-
ing substructures in the crystals, continues to change and
to decrease in overall intensity until it completely disap-
pears when x is reduced below 6.4. Its exact line shape is
difficult to characterize from the plots in Fig. 2, partly be-
cause of the broadening of the individual peaks and the re-
sulting overlap of ®*Cu and %Cu signals. A clearer pic-
ture is obtained when the short-7'; line shapes are separat-
ed into the contributions from the two isotopes. Such a
numerical deconvolution based on fixed frequency and in-
tensity ratios of the ®3Cu and ®°Cu signals was carried
out. The results are shown in Fig. 6. The temperatures,
T., of the onset of flux exclusion for each of the samples
(from Fig. 1) are indicated next to the line shapes. We
notice a strong correlation between the peak positions and
T.. In particular, the T, plateau region of 55 K (see Fig.
1) is characterized by NQR peaks around 22.5, 27.5, and
30 MHz.

In order to better define the Cu NQR spectrum of the
conducting phase in the 7, ~ 55 K plateau region, we also
measured the line shapes of two low-temperature an-
nealed YBa,Cu3O, samples, because these maintain the
plateau over a wider range of oxygen stoichiometry and
give larger Meissner signals at a given value of x.!> These
spectra are shown in Fig. 7 together with that of the
x=6.42 quenched sample. The corresponding deconvo-
luted *Cu-only, short-7";-only signals are shown in Fig. 8.
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Intensity / v2

18 20 22 24 26 28 30 32 34
v (MHz)

FIG. 6. Short-T-only *Cu-only components of the Cu NQR
line shapes of high-temperature quenched YBa;Cu3O, samples
with x values as indicated and with T, values taken from Fig. 1.
The plotted data points were obtained by a numerical deconvo-
lution of the short-T; components of the spectra shown in Fig. 2.
The deconvolution procedure consisted of a least-squares fitting
to the sum of two equivalent line shapes, related in frequency by
the ratio of the quadrupole moments of ®*Cu and **Cu, and in
intensity by the ratio of their natural abundances.

Clearly, peaks at 22.5, 27, and 30 MHz are the prominent
features of the samples with 7 in the vicinity of 57 K, ir-
respective of x and thermal history.

Returning to the long-7"; spectra in Fig. 2, we notice
that the signal peaks arising from the insulating portions
in the samples are generally sharper than the signals of
the conducting structures. This may be interpreted to in-
dicate that the insulating substructures are more uniform
in nature than the conducting substructures. The highest
x value for which an insulating Cu signal is observed is
x=6.80. Interestingly its 3 Cu peak at 31.2 MHz has the
same resonance frequency as Cu(2) in the x =7.00-6.94
samples. On the other hand, the long-T'; signal in the 22-
MHz region is shifted to 23.3 MHz.

In the long-T; spectra of both the quenched and the an-
nealed samples (Figs. 3 and 6) the intensity of the 31.2-
MHz peak gradually diminishes when x decreases to 6.4.
Concomitantly, we observé an emerging and steadily
growing peak at 29.9 MHz. This peak, which reaches its
highest intensity when x approaches 6.0, was already dis-
cussed above in connection with the 6.09 and 6.00 spectra
and assigned to Cu(1) in the x =6 structure. In addition,
we see a third high-frequency peak at 30.5 MHz, which is
first observed at x =6.60, has its highest intensity around
x=6.4 and gradually becomes weaker at lower oxygen
content. Finally, the intensity of the 23-MHz peak
remains roughly constant between x =6.8 and 6.4.

T T T T T T T

Quenched
X = 6.42

Annealed
X = 6.51

Intensity / v2

Annealed

X = 6.38

18 34

v (MHz)

FIG. 7. Cu NQR line shapes of three YBa;Cu3O, samples,
one (x=6.42) prepared by quenching from a high-temperature
oxygen equilibrium, and two (x =6.51,6.38) by low-temperature
vacuum annealing. Symbols and relative intensities are as in
Fig. 2.
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FIG. 8. Short-T-only *Cu-only components of the Cu NQR
line shapes of four YBa,Cu3Ox samples, two (x =6.60 and 6.42)
prepared by quenching from a high-temperature oxygen equilib-
rium, and two (x=6.51, 6.38) by low-temperature vacuum an-
nealing. The plotted data points were obtained by a numerical
deconvolution of the short-7'; components of spectra shown in
Figs. 2 and 8.
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G.63<x<6.0

In the x range where the samples are not superconduct-
ing at all (x <6.3), the short-T'; component is absent in
the NQR spectrum. The only observed peaks are the
Cu(1) signal at 29.9 MHz and the gradually disappearing
signals at 30.5 and 23.1 MHz.

IV. DISCUSSION

There are many characteristics of these data for which
we do not have a very clear explanation in terms of the
atomic or electronic structure of the material. Therefore,
some of what we have to say about the spectra may be
naive, and much will be speculative. However, we are
confident that linking the NQR data to structural ele-
ments of the lattice is an important enterprise that is like-
ly to provide real insight into the electrical and/or mag-
netic behavior of this material. This confidence comes pri-
‘marily from the spectra themselves. They are comprised
of combinations of a fairly limited number of relatively
narrow peaks. The spectral features can be classified into
domains of frequency and relaxation times that are widely
different and recur through stoichiometry and preparation
variations.

The frequencies of the %>Cu peak positions in the NQR
spectra of YBa;Cu3O, in Figs. 2 and 6-8 are listed in
Table III. They are also summarized in the diagram of
Fig. 9, which illustrates the ranges of oxygen stoi-
chiometry over which the various ®3Cu peak positions
were observed. Short- and long-T'; signals, arising from
conducting and insulating substructures, are indicated by
open and cross-hatched bars, respectively. The widths of
the bars do not reflect the peak intensities, but rather indi-
cate the frequency range covered by the peaks. In the
subsequent discussion we will focus on the narrow features

TABLE III. Peak maxima (in MHz) of *Cu NQR signals in
YBa,;Cu3Oy

x Short T

7.00 22.2 31.15
6.97 22.1 31.2
6.94 22.05 31.05
6.80 ~22.0 ~22.5 ~29 ~30.5

6.60 22.6 27.5 30.1
6.51 224 270 29.9
6.42 22.6 ~30.0
6.38 23.00 27.0 30.0

Long T,

6.80 23.3 31.05
6.60 23.3 30.1 30.5 31.15
6.51 23.1 30.0 30.6 31.15
6.42 23.0 29.95 30.55 311
6.38 23.1 29.95 30.55
6.28 23.1 29.85 30.5
6.09 29.90
6.00 29.90

7.0 T T T T T

6.6 -

6.4 -

6.2 -

6'0 1 1 1 1
22 24 26 28 30 32

Frequency (MHz)

FIG. 9. Schematic summary of *Cu NQR peak positions in
YBa;Cu3Oy with x varying from 7 to 6. The open bars denote
the x ranges over which short-T'; signals (due to conducting Cu
sites) were observed in Figs. 2, 6, 7, and 8. The cross-hatched
bars represent the long-T' signals (due to insulating Cu sites).

that extend over wide ranges of x, and ignore the broad
features characteristic of transitional regions, i.e., at
26-30 MHz and x =6.8.

It has been shown that the principal changes in the lat-
tice structure as x goes from 6— 7 in YBa,;Cu30, are as-
sociated with the filling of oxygen vacancies on the O(1)
site.2#26 The structures for the limiting stoichiometries
O¢ and O; are shown in Fig. 3. At intermediate oxygen
contents, a variety of local structures are possible includ-
ing two, three, or four coordination at Cu(1) and four or
five coordination at Cu(2). The number of copper atoms
that adopt a given coordination depends not only on the
total oxygen content, but also on the conditions of
preparation for 6 <x <7. Therefore, one expects the
shapes of the Cu NQR signals, which probe these local
structure features to be sensitive to these details as well.
Furthermore, associated with each of these atomic frame-
work structures, there is a local electronic structure. It is
known from resistivity studies that the superconducting
stoichiometries (x > 6.4) are metallic at 300 K,'* while
the semiconducting stoichiometries (x < 6.4) are antifer-
romagnetically ordered with a Néel temperature that de-
pends on x.!® The NQR and NMR data can be particu-
larly useful for probing the relationship between the lat-
tice structure and the electron distribution. Understand-
ing this relationship for the “normal state” is a prere-
quisite for a detailed description of the superconducting
state. The following observations are an attempt to link
the spectral features collected in Table IIT and Fig. 9 with
the'structural characteristics summarized above.

(1) The NQR spectra show three distinct regimes of
electronic structure within the stoichiometry range
O¢— O7. The boundaries between these regimes fall at
the same stoichiometries as the boundaries between the
three types of low-temperature electronic behavior ob-
served with these samples (Fig. 1). At 7.0> x> 6.9, all
NQR-observable Cu nuclei are in environments that have
rapid relaxation rates. Since these are metallic samples,
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the rapid relaxation is probably due to metal-like conduc-
tion electron dynamics.>>°>~%!! Figure 1 shows that this
is also the stoichiometry range of 90 K superconductivity.
The clear implication is that the conduction bands must
include orbital contributions from both Cu(1) and Cu(2)
atoms.

For 6.8 > x> 6.4 NQR shows a complex mixture of
conducting and insulating Cu environments. The detailed
NQR peak shapes are a function of both x and prepara-
tion conditions within this range. NQR peak shapes are
more uniform for the vacuum annealed samples than for
the high-temperature quenched materials and seem to
preserve the conducting substructures to lower stoi-
chiometries (Fig. 4, 6.38 annealed vs 6.42 quenched).
The differences between the quenched and vacuum an-
nealed samples observed by NQR are directly analogous
to changes in the T, vs x curve (Fig. 1) with preparation
conditions. Samples prepared by low-temperature vacu-
um annealing have been shown to extend the 7.~55 K
phase to lower values of x. Below x ~6.4 (as noted above,
the exact stoichiometry depends on preparation condi-
tions) no Cu atoms are found in conducting environ-
ments.'> These materials are not superconducting.

(2) The integrated signal intensities are reduced when
x is decreased from 7.0 to 6.9 (Table I), while the line
shape stays essentially unchanged. This indicates that
when a small fraction of the O(1) sites is unoccupied (Fig.
3); the numbers of Cu(1) and Cu(2) sites with the atomic
and electronic structure of the ideal x =7 crystal is re-
duced. From the initial sharp drop in signal intensity (3.0
for x=7.00 to 1.9 for x =6.97), we estimate that each ox-
ygen vacancy affects the NQR characteristics of as many
as 12 Cu(1) sites and 24 Cu(2) sites. This represents a
crystal volume of 12 unit cells around each vacancy,
perhaps forming an array extending over four Cu atoms in
three adjacent CuO chains. The NQR signals of Cu
within the affected areas are not observed, because the lo-
cal disorder causes them to be spread over a wide frequen-
cy range, or because unpaired electrons cause an exces-
sively short T,. The signal intensity does not continue to
decrease linearly with x because areas affected by
different vacancies begin to overlap. From the discussion
in Sec. II concerning the quantitative aspects of our NQR
method, one might conclude that the measured integrated
intensities do not warrant quantitative conclusions of this
type. We point out, however, that the major intensity er-
rors arise from comparisons between signals at different
frequencies. Since we are now comparing signals at the
same frequencies and with nearly identical line shapes,
most of the errors cancel out. '

(3) At several stoichiometries, long-T'; signals replace
short-T; signals without a change in resonance frequency.
These points are manifested in Fig. 9 by a change from an
open bar to a cross-hatched bar at a given frequency. At
x=6.8, this occurs at 31 MHz, a frequency that at x=7.0
has been assigned to Cu(2) (plane) sites. A similar obser-
vation was made by Warren et al.!' in an x=6.7 com-
pound. Between x =6.8 and 6.4 there is a gradual trans-
formation of the short-T'; signal at 30 MHz to a long-T";
peak at 29.9 MHz. Finally, between x =6.8 and 6.4, the
short-T'; peak around 22.5 MHz gradually gives way to
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the long-T; signal at 23 MHz.

It is remarkable that although oxygen is being removed
principally from the coordination sphere of Cu(l), insu-
lating sites appear at x=6.8 at frequencies associated
with Cu(2). Perhaps, by a perverse coincidence, this fre-
quency (at x=6.8) is not the resonance of a Cu(2) nu-
cleus as it is at x =7.0, but rather, arises from Cu(1) sites
with a lower coordination number than four. However,
since the maxima of the short-7'; signal at x=7.0 and the
long-T'; signal at x=6.8-6.4 correspond exactly in fre-
quency, we assume that it is five-coordinate Cu(2) site
identical to that in the x =7 structure. What seems most
likely is that removal of oxygen from the coordination
sphere of Cu(1) has a direct effect on the electronic struc-
ture at some fraction of the Cu(2) sites. This direct effect,
involving Cu(1) and Cu(2) atoms closely linked to the
new oxygen-vacancy site leads to changes in signal fre-
quencies. Some of the shifted frequencies give rise to the
broad short-7"; component of the spectrum of x=6.8 in
Fig. 3, while the signals of other directly affected Cu nu-.
clei are not observed at all. On the other hand, there is a
subset of Cu(2) nuclei that is unchanged in frequency, but
which has a long T';. This subset must have been created
without an appreciable change in the Cu oxidation state
or oxygen coordination, although there seems to be a more
subtle, indirect effect influencing the relaxation times.
We rationalize this as follows. Conduction bands are built
up from the progressive interaction of local, single-unit-
cell-type electronic wave functions. As long as adjacent
“unit-cell structures” are identical, states overlap and
eventually broaden into bands. If this progression were
stopped at some finite size, by local heterogeneity in the
orbital energies, structural domains with discrete rather
than continuous-electronic-state density would result.
The creation of these isolated “molecular” substructures
could give the key NQR features that we observe—a
dramatic shift in relaxation times for some fraction of the
Cu atoms without an appreciable change in resonance fre-
quency. The boundaries of such domains would occur at
the directly affected Cu(2) sites. For example, the bridg-
ing O(4) atom moves away from Cu(2) and toward Cu(1)
as oxygen is removed from O(1) sites.!* This implies a
rehybridization of the bonding orbitals at Cu(2) and a
mismatch between orbital energies at this site and the un-
perturbed region of the Cu(2) plane. A similar explana-
tion has been proposed for the 7'} increase accompanying
a conductivity decrease in some conducting molecular
solids. 28

(4) At x=6.00, only Cu(1) sites are observed in NQR.
The 3Cu peak at 29.9 MHz can be assigned to the two-
coordinate Cu(1) that is created by complete removal of
O(1) atoms along the chains. It is known that the materi-
al at this stoichiometry is antiferromagnetically or-
dered.'>~!7 The large hyperfine fields that develop at the
Cu(2) sites in the antiferromagnetically ordered state are
responsible for the disappearance of this signal. Since it

~ seems that the fully developed magnetic ordering below

x=6.4 can cause signal loss, perhaps the progressive de-
crease in total signal intensity as x decreases from 7— 6
(Table I) is also related to magnetic effects at Cu(2). It
may be a manifestation of the local ordering into magnet-
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ic domains within the superconducting orthorhombic
phase. This possibility has been suggested by magnetic-
susceptibility measurements. '®

(5) Hall-coefficient measurements have shown a large
drop in the number of carriers at roughly x=6.8.2 NQR
seems to reflect this in the appearance of Cu atoms with
long relaxation times at this stoichiometry. Because these
insulating substructures include both Cu(1) and Cu(2)
sites, it is probably not appropriate to think about super-
conductivity as occuring exclusively in the planes or ex-
clusively in the chains at any stoichiometry.

(6) The 22.1 and 31.2 MHz NQR peaks at x =7 were
unambiguously assigned to the Cu(1) and Cu(2) sites.
Likewise, the 29.9-MHz peak at x =6 could be identified
with coppers at Cu(1). Unfortunately, we lack sufficient
evidence for definite assignments of the remaining peak
positions that are summarized in Table III and Fig. 9.
One possible approach to a spectral interpretation of these
features would be as follows. The above assumption that
the long-T'; peak at 31.1 MHz in the x=6.8 — 6.4 range
arises from Cu(2) environment identical to that of x =7,
immediately suggests two additional peak assignments.
First, if the Cu(2) nuclei resonating at 31 MHz change
from conducting to nonmetallic around x =6.8, the same
should be observed for the adjacent sites in the chains.
This implies that the long-T'; peak at 23.3 MHz, which
begins to appear around x=6.8, could be assigned to
Cu(1) sites with fourfold coordination. Second, the gra-
dual shift of NQR intensity around 29.9 MHz from a
short-T'; to a long-T'; component suggests that we are ob-
serving another example of conducting substructures that
become nonmetallic when oxygen is removed. Thus, the
30-MHz short-T'; peak at x =6.8 — 6.4 may be identified
with twofold coordinated Cu(1) sites of the type found in
the x =6 structure. Taking our speculation one step fur-
ther, we assign the major short-7T'; peak observed around
27 MHz (Which in the intermediate x region accom-
panies the 30-MHz peak with at least double its intensity)
to conducting Cu(2) sites that are associated with the con-
ducting two-coordinated Cu(1). The metallic signals at
27 and 30 MHz are consistently accompanied by a third
short-T'; peak at 22.5 MHz, probably due to four-
coordinated Cu(1). This would imply that the
(super)conducting state in the x=6.8— 6.4 range is
made up of superordered subunits containing twofold and
fourfold coordinated Cu(1), as has been observed for
some x =0.5 preparations.3® All these types of local envi-
ronments seem to contribute to the conduction-band char-
acter. However, we reemphasize that this conclusion is
not based on firm spectroscopic evidence and that various

entirely different interpretation schemes may be proposed.

(7) Many pictures of the electronic structure of this
material have suggested that the conduction bands arise
largely from interactions between Cu 3d,:_,: and O2p-
type atomic orbitals.?!*? Conduction pathways involving
Cu(2), therefore, are two-dimensional in the a/b plane.
Conduction bands involving Cu(1) are localized in the
b/c plane. Bands constructed in this way are orthogonal
and should not mix within a rigid lattice. However, the
NQR data suggest that the electronic properties of the
Cu(1) and Cu(2) sites are strongly coupled. There are
three indications of that coupling. (a) Cu(1) and Cu(2)
sites that can be associated with a particular substructure
change intensity proportionately. For example, during the
loss in total signal intensity from x=7.0— 6.9, the rela-
tive intensities of the Cu(1) and Cu(2) signals is
preserved. (b) Cu(1) sites with short-T" relaxation times
are observed at stoichiometries as low as 6.4 where the
continuity of the Cu(1)-O(1) chains along b must be bad-
ly disrupted. If electron moments that could influence
Cu(1) relaxation were associated only with conductivity
in the b/c plane then one might expect Cu(1) sites to be
completely insulating at these high oxygen-vacancy con-
centrations. (c¢) Conducting Cu(1) sites with resonance
frequencies other than 22.2 MHz are apparently observed.
These can only result from local structures that are not
part of well-developed chains: These data may be con-
sistent with the superordered structure containing alter-
nating four-coordinate and two-coordinate Cu(l) sites
along a, that has been observed for some x=0.5 prepara-
tions?! and is consistent with the short-7"; NQR spectrum
of intermediate oxygen stoichiometries as discussed above.
However, this superordering must not only preserve the
conducting-chain structures to lower stoichiometries, but
also incorporate conducting two-coordinate Cu(1) sites.
Perhaps O(4)-Cu(1)-O(4) units interact through z-type
overlap with the conducting bands of the Cu(2) planes.
This type of delocalized structure could be present at any
degree of O(1) vacancy, and might lead to short-T
Cu(1) signals. However, this is highly speculative and is
based on the assumption that short T'; is always associated
with conduction-electron density at the resonant nucleus.
The relative contributions of localized and delocalized un-
paired electrons in these systems needs to be examined in
more detail.
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