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We have obtained solid-state '’O NMR spectra of a number of "O-enriched oxides and high-
temperature oxide superconductors, including Cu}O, Cu'0, KcCuMO,, Bi,0;, TI,0;,
La, 4581 15Cu04, YBa,Cu;0,_,, Bi,Sr,CaCu,044,, T1,Ba,CaCu,04, ., and Bay ¢K, 4BiO;. Spectra
of all of the simple diamagnetic oxides contain relatively sharp resonances in a “diamagnetic” re-
gion of ~—200 to +700 ppm (from H,O, International Union of Pure and Applied Chemistry &
scale). Cu''O exhibits a broad resonance centered at ~4500 ppm. Spectra of all of the Cu-
containing superconductors (at 300 K) contain a relatively broad and highly paramagnetically shift-
ed peak, due to CuO, planes, at =~ 1800 ppm, together with a peak or series of peaks, in a more nor-
mal diamagnetic region, =~ 100-600 ppm from H,0. YBa,Cu;0,_, also contains a peak at ~2950
ppm, assigned to the chain [O(4)] sites. The highly shifted (CuQ,) features undergo a =~ 1000-1300
ppm diamagnetic shift in YBa,Cu;0,_, and Tl,Ba,CaCu,03, upon cooling to 77 K (< T,). These
highly shifted features are absent in Ba, (K, 4BiO3, although the resonance in Bay ¢K, 4BiO; is =500
ppm paramagnetically shifted from that in the parent compound, BaBiO;. 'O NMR spectra of
magnetically aligned samples of YBa,Cu;0,_, yield diagonal elements of the electric-field-gradient
tensor (y;) for the CuO, plane oxygens, O(2) and O(3), of =£(4.02,—6.46,2.44) and
+(3.95,—6.51,2.56) MHz. The observed resonance frequencies for both sites (Hyl|c) are ~ 1900
ppm from H,0. For the CuO, plane in Bi,Sr,CaCu,04 , (at 300 K) and in T1,Ba,CaCu,0q., (at 77
K) the quadrupole coupling constant (e2gQ /h) is ~6.4 MHz also. For the column or bridging oxy-
gen [O(1)] in YBa,Cu,0,_,, e?qQ /h ~7.3 MHz and 1~0, at 300 K, the isotropic frequency shift is
~458 ppm, and the anisotropy of the chemical or Knight shift (Ao) is ~657 ppm, with ofc. A
similar result is found for the apical oxygen in La, gsSr;5CuQ,, with o33=0~694 ppm and
01,=05,=0,~474 ppm, determined on a magnetically ordered sample. For the chain site in
YBa,Cu;0,_, [04)], we find y; ==(3.38,—10.94,7.56) MHz. Calculations suggest for all sites
that ¥V, is negative and is aligned along the Cu—O—Cu bond axis. Results on oxygen-depleted
YBa,Cu;0,_, show considerable broadening of the plane-site features, consistent with the onset of
antiferromagnetic ordering, while the column oxygens [O(1)] are much less affected. Temperature-
dependence studies of 7', for O(2,3) in YBa,Cu;0,_, indicate Korringa-type behavior above T,
and the Knight shift predicted is in good accord with that observed. There is no BCS-type relaxa-
tion enhancement just below T,. Overall, our results give a broad basis for the assignment of 'O
NMR resonances in most of the classes of high-temperature superconductors currently being inves-
tigated (2:1:4, 1:2:3, Bi,Cu,, T1,Cu,, and Cu-free Bi-containing phases) and show considerable simi-
larities in frequency shifts (and their temperature dependence), T, e’qQ /h values, and spin-echo
decay behavior, for the CuO, planes in each system, and between the (La(Sr)O,SrO,BaO) and
(T10,BiO) planes as well.
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INTRODUCTION

While superconductivity in several metal oxides, in-
cluding SrTiO; (T, ~0.3 K),! Rb, WO, (T, ~3 K),* and
BaPb, _,Bi, O; (T, ~13 K),? has been known for a num-
ber of years, it was only with the investigation of Bednorz
and Miiller* (on the La-Ba-Cu-O system), that true
“high-temperature” superconductivity was realized. As
is now well known, their discovery was rapidly followed
by the observation of superconductivity in the
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Y-Ba-Cu-O system at ~90 K,>”7 followed about one
year later by even higher T,’s in the Bi-Sr-Ca-Cu-0,%°
TI1-Ba-Cu-O, and Tl-Ba-Ca-Cu-O systems.'® At present,
although a number of mechanisms have been proposed to
explain the high T,’s observed, none are yet fully accept-
ed, and consequently considerable additional experimen-
tal and theoretical work on characterizing these novel
materials is in progress worldwide.

One of the techniques currently in use is nuclear-
magnetic-resonance (NMR) spectroscopy, which has a
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long history of successful application in investigating the
superconducting state, including early experimental
verification of a central aspect of BCS theory.!"!2 NMR
has also been applied recently to many of the nuclei in
the high-T, superconductors, including 6%6°Cuy,!3~16
89y,17=19 and 13%La,2%2! and has resulted in a number of
interesting observations on band gaps, spectral assign-
ments, Korringa relaxation, and so forth.

However, we feel that one of the most potentially in-
formative nuclei, 70O, remains to be investigated. The
basis for our belief can be summarized as follows.

(1) All high-T, superconductors are oxides, and are
thus, in principle, amenable to NMR analysis.

(2) Cu-free materials having moderate T,’s have now
been produced, and Cu NMR is obviously not applicable
to these systems.

(3) There are always likely to be more nonequivalent
oxygen sites than metal sites, so 7O NMR can, again in
principle, provide more structural probes than metal ion
NMR.

(4) O NMR (with labeled compounds) is easier than
NMR of most metal ions present, due to its moderately
good sensitivity due to a small quadrupole moment. Cer-
tainly, sensitivity (in powders) is much better than with
copper, due to the very large quadrupole coupling con-
stant values of copper.

Overall then, the idea behind our work is very simple:
because all known high-T, superconductors contain oxy-
gen, because NMR spectroscopy has been a very useful
technique to obtain information on structure and bonding
(in diamagnetic materials, see, e.g., Ref. 22), and has also
in the past been a powerful probe of superconductive be-
havior, we believe a comprehensive 7O NMR investiga-
tion of a wide range of oxide superconductors is sure to
yield a large body of interesting information about these
new materials.

In this paper, we first give a brief theoretical back-
ground survey of some previous 'O NMR studies of di-
amagnetic materials, outlining the chemical shift values
found, the quadrupole coupling constants (e?qQ /h), and
relaxation behavior, then we discuss our results on high-
T, materials. We cover first the assignments for
YBa,Cu;0,_,, the most studied superconductor, then
show results on the related La;sSry;5CuO,,
Bi,Sr,CaCu,03,,, and Tl,Ba,CaCu,O4, , systems, to-
gether with, for comparison, results on the newer
J

_ eqQ 3cos’6—1 )
E yﬁHm+4I(21_1) 5 [3m*—I(I+1)]
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copper-free material (Bay (K 4)BiO;. Results on the
model compounds Cu,0, KCuO,, Bi,03, and T1,0, are
also included. Overall, our results suggest each Cu-
containing phase contains a highly paramagnetically
shifted oxygen (or oxygens), thought to reside in the
CuO, planes, having very fast spin-lattice and spin-spin
relaxation behavior. This feature is absent in the Cu-free
system. The other planar sites in general have much
more diamagnetically shifted resonances, in the “normal”
range of a few hundred parts per million (ppm) upfield
from H,!70, although the chain oxygen [O(4)] in
YBa,Cu;0,_, is even more deshielded than any of the
CuO, sites.

THEORETICAL BACKGROUND
Energy-level diagram and line shapes

We first show in Table I the relevant spin quantum
number, abundance, relative sensitivity, and quadrupole
moment data for 1’0, and for the two copper isotopes,
63Cu and ®°Cu. At natural abundance, Cu NMR is clear-
ly more sensitive than 7O NMR, but with 70O labeling,
typical quadrupole coupling constants (=~40-60 MHz for
Cu, ~5-10 MHz for ’O) and the larger I value for oxy-
gen, we find that 70 NMR spectra can be quite rapidly
obtained. This is very encouraging, since it implies—and
we show—that 70O NMR of all sites in most types of
high-T, material synthesized to date is feasible. This is
an important point, since, for example, Cu NMR studies
of the La;gsSry;5Cu0O,4,  Bi,Sr,CaCu,04.,, and
Tl,Ba,CaCu,0;4.,, phases has to date proven rather
difficult, due to extremely broad spectral linewidths. In
contrast, 70O NMR of, e.g., T|,Ba,CaCu,0;4_, yields
three peaks, due to the CuO,, BaO, and TIO planar sites
(see below). Spectral assignments can be made by com-
parison between a range of high-T, materials, and vari-
ous model compounds (such as T1,05).

The major line-broadening effect in 1’0 NMR is in gen-
eral the quadrupole interaction, for which we find the fol-
lowing Hamiltonian, H:

2
= — e Q 2
H yﬁHI+—~—q——4I(2I_1)[3IZ I(I+1)

+ (1% +1%)], (1

which yields the following energies:

m {3cos?6(1—cos’0)[8m?—4I(I +1)+ 1]+ 2(1—cos?0)[ —2m2+21 (1 +1)—1]} .

()

TABLE I. NMR parameters for copper and oxygen.

Natural Relative Quadrupole
Nucleus Spin abundance (%) sensitivity moment (1072 cm?)
e 3 3.7X107? 2.91X1072 —2.6X1072
SCu H 69.1 9.31x1072 ~0.16
5Cu 3 30.9 0.114 —0.15
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We show in Fig. 1(a) the Zeeman and first-order quad-
rupole interactions for an I=3 nucleus. For a single
crystal, or oriented microcrystalline array, we would ob-
tain a spectrum much as in Fig. 1(b). In a continuous
wave (or selective-excitation field or frequency-sweep ex-
periment), the peak intensities would be *3<3, =
tiokl, &5 and Jo—1, &. However, for a random,
polycrystalline material, the line shape is that of the
powder average shown in Fig. 1(c). Fortunately, we can
determine e?qQ /h from the overall spectral breadth, and
the isotropic chemical shift (§;) is essentially that of the
(unbroadened) central (1<s1) transition. When e?qQ /h
is small, magic-angle sample spinning is successful in
yielding improved spectral resolution and signal-to-noise
ratios. Both e2gQ/h and 8, can be readily measured
from such spectra.?

(a)

| o
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(d)

Frequency shift (arb. units)

FIG. 1. Theoretical energy-level diagram and line shapes for
I=23. (a) Energy-level diagram showing the Zeeman and first-
order quadrupole interactions. (b) Line spectrum for a single
crystal or oriented powder, oriented at 8=0. (c) Powder pat-
tern. (d) Line-shape function (dashed line) and symmetrically
broadened line shape (solid line) for the central transition
(m Z%H—‘ %) when second-order quadrupole effects are dom-
inant, and 7=0.
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When e?qQ /h is a sizable fraction of the Larmor fre-
quency o, then second-order quadrupole effects begin to
be noticeable, and the central transition undergoes fur-
ther broadening, and we show in Fig. 1(d) a typical
theoretical second-order powder pattern of the + -1 tran-
sition (for an axially symmetric electric field gradient, efg,
tensor). Such spectra are typically found with, for exam-
ple, the Si-O-Si oxygens in SiO,, or in the zeolite
ZSM-5,%* and we show below such line shapes for the
Ba-O and TI-O sites in Tl,Ba,CaCu,0Og,,. Computer
simulation of such experimental line shapes yields both
e2qQ /h, the asymmetry parameter () of the electric-
field-gradient tenor, and the isotropic chemical (or fre-
quency) shift §;,. In general, it is desirable to measure
such second-order powder patterns at two magnetic field
strengths, to confirm the nature of the line broadening, as
we show below for T1,Ba,CaCu,Oyg ..

Coupling constants and chemical shifts

Since there have been so few !’O NMR studies of solids
reported to date, we will first give a brief overview of the
70 NMR e2qQ /h values and chemical shifts found in
simple diamagnetic compounds, which are germane to
any discussion of the 7O NMR behavior of high-T, ma-
terials. Figure 2 gives a convenient graphical compila-
tion of the e?qQ /h values found for a wide range of ox-
ides, plotted as a function of the ionic character of the
bonds in hypothetical fragments, 4-O-B.?> As can be
seen, the highly ionic materials have small e?qQ/h
values, while the more covalent systems (e.g., C-O-C)
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0 COC(b)

COH (d)
COH(e)

10~ cocl)

COH(f)

HOH(g)
r } B80B(h)

BOB(h) O

D Si0Si (i)

+ SiOMg(KIgy si0Ca,Mg(i)
L AloAI(I)\J\SiOMg(k)

i | | ZnOZn(m) WOK) MgOMg (q)

20 40 60 80 100

Quadrupole coupling constant e2qQ/h (MHz)

lonic character (%)

FIG. 2. Plot of ’O nuclear quadrupole coupling constant
(e2qQ /h, MHz) vs average percent ionic character for a series of
A-O-B fragments, where A and B are cations. The experimen-
tal e2qQ /h values are for a series of oxides or simple oxyanions.
The percent ionic character is the arithmetic mean of the
single-bond values obtained from the Pauling electronegativities
of elements A4, B, and O. Compounds used were as follows: (a)
N-methylsyndone, (b) tetrahydropyran, (c) xanthene, (d) tetra-
chlorohydroquinone, (e)  2,5-dichlorohydroquinone, N-
methylsyndone, (f) p-chlorophenol, (g) normal hexagonal ice, (h)
B,03, (i) low cristobalite, (j) diopside, (k) forsterite, (1) Al,O;, (m)
zinc oxide, (n) potassium tungstate, (0) magnesium oxide. The
hatched area represents the range of e2qQ/h values found in
YBa,Cu;0,_,.
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have much larger values. Such a correlation is of course
wholly empirical, and totally ignores symmetry effects.
Nevertheless, it appears to have widespread utility as a
predictor of e2gQ /h values. More detailed approaches to
calculations of e2qQ /h values in oxides, having similar
ionicities, can be found elsewhere.?%2¢

If we use the results of Fig. 2 to predict the e?qQ /h
values for oxygen in the Cu-O-Cu fragments in high-T,
materials, we find from the relation®

le2qQ /h|(MHz)= —0.2031(%)+14.8 , (3)

where I is the % ionic character of the Cu—O—Cu
bond, that e?qQ /h ~5.3 MHz (using Pauling electrone-
gativities of 3.5 for O, 1.9 for Cu, the Cu—O is 47% ion-
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ic). This is close to the value we find experimentally for
the CuO, planes in YBa,Cu;0,_,, Bi,Sr,CaCuOyg_,, and
Tl,Ba,CaCu,04.,, and the Cu-O-Cu column oxygen in
YBa,Cu,0,_,, but is much less than that of the chain ox-
ygen in YBa,Cu;0,_, (see below). The region encom-
passing our results with Cu—O-—Cu bonds in high-T,
systems is shown in Fig. 2 by the hatched area. We show
below that somewhat better agreement with experiment
can be obtained by using a theoretical relationship pro-
posed previously for linear, or close to linear, 4 —O—B
bonds.?

Some generalization about the range of 7O chemical
shifts can be made from the data shown in Table II.
First, these results indicate that the chemical shifts of

TABLE II. Solid-state 'O NMR chemical shifts in oxides and oxyanions.?

Chemical shift

Chemical shift

Compound (5;, ppm) Ref. Compound (5;, ppm) Ref.

H,0 0 IUPAC (6=0) PrOy, 2150 This work

BeO 26 b Si0, 46 This work

MgO 47 b SnO (black) 247 c

CaO 294 b SnO, 105 c

SrO 390 b PbO (red) 289 c

BaO 629 b TiO, 591 c

BaO, 334 This work CeO, 877 This work

ZnO —18 b

Cdo 46-141 b CaMgSi,O¢ 63,69,84 d

HgO 121 b a-CaSiO; 75,91,94 d

Zn,O(dtp)s° —49 f a-SrSi0; 80,105,108 d

AlLO, 72-79 g BaSiO, 87,159,169 d

In,0, 97 c SiOSi ~44-52 h
(zeolites)

T1,0, 364 This work SiOAl ~31-40 h
(zeolites)

Bi,0; 196 This work SiOGa ~29 i
(zeolites)

BaBiO; 375 This work

Sc,04 355 c AIOP(AIPO,-n) ~61-63 i

Y,0; 356 This work

La,0; =~ 500 ¢, this work K,WO, 422,429,437 f

Eu,0,; —3212 This work KMnO, 1197 f

CulO —181 This work

cu’o ~4500 This work MO, (IrO,, ~325-385 j
PtO, compounds)

Kcu'lo, ~30 This work Picket fence 2020,1600 k

porphyrin (FeO,)

2All results were obtained in this laboratory using isotopically enriched materials at 8.45 and/or 11.7 T by means of static spin-echo-
computer simulations and/or magic-angle sample-spinning techniques. All chemical shifts are in ppm from H,0 with high-field,
low-frequency, paramagnetic or deshielded values being designated as positive (International Union of Pure and Applied Chemistry &

scale).
PReference 23.
“Data courtesy of Dr. G. L. Turner (unpublished results).

9H. K. C. Timken, S. E. Schramm, R. J. Kirkpatrick, and E. Oldfield, J. Phys. Chem. 91, 1054 (1987).

¢dtp =diisopropylphosphorodithioato.
fReference 25.
¢T. H. Walter and E. Oldfield (unpublished results).

"H. K. C. Timken, G. L. Turner, J.-P. Gilson, L. B. Welsh, and E. Oldfield, J. Am. Chem. Soc. 108, 7231 (1986).

"Reference 26.
JH. C. Lee and E. Oldfield, J. Magn. Res. 69, 367 (1986).

kH. C. Lee. C. Coretsopoulos, and E. Oldfield (unpublished results). Also, H. C. Lee, Ph.D. thesis, University of Illinois at Urbana,

1988 (unpublished).
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most diamagnetic oxides will be in the range
—200-+700 ppm from H,O [where high-frequency,
low-field, paramagnetic, or deshielded values are positive,
International Union of Pure and Applied Chemistry
(IUPAC) 6 scale]. The extremes of the range are BaO
(629 ppm) and Cu,O (—181 ppm). Diamagnetic species
resonating outside this range include oxoanions, where
single oxygen atoms are multiply bonded to a single metal
site (such as KMnO,), together with exotics such as FeO,
complexes (picket-fence porphyrins, hemoglobin, and
myoglobin)—all of which contain complex covalent
bonding arrangements, involving multiple (77) bonds.

To date, we have only investigated three paramagnetic
oxides: CuO, Eu,0;, and Pr4O;;. At room temperature,
all spectra are very broad and highly shifted. While not
wishing to digress, we note that the 7O NMR spectrum
of CuO is characterized by a rapid spin-echo decay time
constant (T,,) and does not average under magic-angle
sample spinning (MASS)—as we find later with the high-
T, materials, while that of Eu,O; decays much more
slowly and does average under MASS, resulting in large
numbers of narrow spinning sidebands (data not shown).
These observations could well originate from exchange
interactions in CuO, while much of the broadening in
Eu,0; may be due to the low-lying J states (see Ref. 27
for a recent discussion of MASS NMR in paramagnetic
solids). In any case, these results, together with those on
the diamagnetic solids, give us an initial benchmark data
set of (largely unpublished) ’O NMR chemical shifts
with which to compare results to be described on the
high-temperature superconductors.

EXPERIMENTAL ASPECTS

Nuclear magnetic resonance spectroscopy. 'O NMR
spectra were obtained on Fourier-transform (FT) NMR
spectrometers operating at 67.8 and 48.8 MHz, using Ox-
ford Instruments (Osney Mead, Oxford, U.K.) 11.7-T,
52-mm bore or 8.45-T, 89-mm bore superconducting
solenoid magnets. We used Nicolet Instrument Corpora-
tion (Madison, WI) Model-1180 and Model-1280 comput-
er systems for data acquisition, and Amplifier Research
(Souderton, PA) Model-200L and -150LA and Henry Ra-
dio (Los Angeles, CA) Model-2002 amplifiers for final rf
pulse generation. Static 'O spectra were obtained using
“home-built” horizontal solenoid-type sample probes.
70 90° pulse widths on H,O were typically ~6 usec.
Chemical shifts are reported in ppm from external stan-
dards of tap water, using the 8§ scale. Most spectra were
recorded using a spin-echo technique.?® Where appropri-
ate, samples were magnetically ordered as described pre-
viously.?»3 Digital resolution in the latter spectra was
30 ppm.

Synthetic aspects. All samples were synthesized using
conventional solid-state routes from oxides or oxide-
carbonate mixtures, basically as described previously for
YBa,Cu;0,_,.2° Oxygen-deficient YBa,Cu;0,_, sam-
ples (where x =1.0, 0.7, and 0.3) were prepared by heat-
ing separately at 600°C portions from an ’O-enriched
mother batch (x =0.1) and subjecting these portions to a
dynamic vacuum for different periods of time. The

x~0.5 sample was prepared by heating appropriate
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amounts of CuO, BaO, and Y,0; in an argon atmosphere
at 950 K, and contained trace amounts of Y,BaCuQOs and
BaCuO, impurities. It was 7O labeled at 500°C in a stat-
ic 170, atmosphere. Values of x were estimated by com-
parison with published x-ray diffraction results.®
Bi,Sr,CaCu,Og was prepared from Bi,O; (Aldrich,
Milwaukee, WI), SrCO;, CaCO;, CuO (Aesar, Seabrook,
NH) at 4:3:3:4 composition. The finely ground mixture
was initially fired in air at 850°C for 4 h, then at 860°C
for 5 h, pressed into pellet form, then refired at 860 °C for
12 h. Powder x-ray analysis indicated a monophasic ma-
terial identical with published data on Bi,Sr,CaCu,04.°
Labeling with 1’0 was achieved by evacuating the sample
for 3 h, followed by annealing in a static 35-50% !’O,
(Monsanto Research Corporation, Miamisburg, OH) at-
mosphere at 500°C for 45 h. Powder x-ray analysis of
such "O-enriched samples were identical to those of the
unenriched material. Unlabeled Tl,Ba,CaCu,0Og was
prepared from T1,0; (Johnson Matthey) and
Ba,Ca,Cu;0, (prepared from BaCO;, CaCOj;, and CuO
at 2:2:3 mole ratio). The finely ground mixture was
pressed into pellet form, wrapped with gold foil, then
heated at 890 °C for 15 min under an %0, flow. The sam-
ple was then air cooled. Powder x-ray analyses showed a
monophasic material, identical with published data on
T1,Ba,CaCu,04.!° Labeling of Tl,Ba,CaCu,0z was basi-
cally the same as with Bi,Sr,CaCu,03. We also made a
sample of Tl,Ba,CaCu,O;,, from "O-enriched TI,0,
and !"O-enriched Ba,Ca,Cu;0;, basically as described
above for the initial '°0 sample of T1,Ba,CaCu;Og. .
La; §sSry sCuO, and (Ba,K;_,)BiO; systems were
prepared using standard methods.?!3? The purity of all
phases was verified by powder x-ray diffraction (using a
Rigaku D/Max diffractometer). T, onsets were deter-
mined with a S.H.E. (San Diego, CA) superconducting
quantum interference magnetometer. All T, onsets were
as expected, although the transition breaths varied some-
what, due in part, perhaps, to our use of very fine
powders for the NMR experiments. We were unable to
detect any significant impurities by x-ray diffraction (even
in epoxy-embedded samples), except as mentioned below
for the T1,'’0;/Ba,Ca,Cu,!’0, material.

RESULTS AND DISCUSSION

General summary of bases for 1’0 NMR spectral assign-
ments. Previous work on the Cu NMR and nuclear
quadrupole resonance (NQR) of YBa,Cu;O,_, and
YBa,Cu;04 has shown that the assignment of even one or
two peaks can be a difficult matter, so that the assign-
ment of even more peaks, as found with 70 NMR, is
likely to be even more complex, and the well-known
difficulties associated with isotopic labeling could further
complicate matters.>»3* However, with enough struc-
tures, prediction of NMR behavior should become possi-
ble, which hopefully should result in assignment
verifications. Correct assignments then pave the way for
more interesting studies of site-dependent relaxation, and
frequency shifts, as a function of temperature.

Before detailing our results on each of the high-T,
phases we have investigated, we first summarize the types
of information we have used to make such assignments,
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La Bi, TI
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FIG. 3. Schematic diagram showing partial structures of La, sSrq ;sCuOy (left), YBa,Cu;0;_, (center), and Bi,Sr,CaCu,Oy, , (Bi)
and T1,Ba,CaCu,Oq., (T]) (right). Similarities between planes 1 and 2 in the La(Sr) and Y, Bi, Tl systems are indicated («>).

then we discuss the detailed assignments of all oxygens in
YBa,Cu;0,_,, compare these results with the La(Sr),
Bi,Cu,, and Tl,Cu, phases, and finally survey the
(Ba,K)BiO; system. The general basis for our assign-
ments is as follows.

(1) All Cu-containing superconductors contain a broad,
highly paramagnetically shifted peak, at ~1800 ppm
from H,O.

(2) This feature is absent in the Cu-free system, and
might thus reasonably be assigned to a common structur-
al feature, the CuO, planes.

(3) This feature is the most intense one
YBa,Cu;0,_, system.

(4) This feature undergoes a large (~0.15%) diamag-
netic shift on cooling below T, in YBa,Cu;0,_,, and in
T1,Ba,CaCu,Oq, ,, consistent with a decrease in the spin
susceptibility contribution to the Knight shift.

(5) Four pairs of approximately equal intensity satel-
lites are observed for this highly shifted feature, in
YBa,Cu;0,_,, consistent with a planar CuO, [O(2),
O(3)] assignment.

(6) Spin-lattice and spin-spin relaxation times in the
CuO, planes are much faster than in the non-CuO, pla-
nar sites (which have more normal, diamagnetic shifts).

(7) Rotation patterns for the axial, bridging BaO oxy-
gen [O(1)] in magnetically oriented YBa,Cu;0,_, yields
assignment of the BaO planar (bridging) oxygen in
YBa,Cu;0,_,. The peak resonates in the normal “di-
amagnetic” shift region. Similar behavior is found for
the axial site in La, gsSrg ;sCuO,.

(8) Satellite transitions for this peak in YBa,Cu;0,_,
are consistent with a close to axially symmetric efg.

(9) The chain oxygen [O4)] in YBa,Cu;0,_, is also
highly shifted, consistent with local moments on Cu(1),
but is apparently absent in spectra of the Bi,Cu, and
T1,Cu, system.

(10) The other planar sites (2 and 3) in the Bi,Cu, and
T1,Cu, systems are close in shift (but not identical to)
those of the parent oxides (SrO, BaO, Bi,03, T1,0,).

in the

YBa,Cu,0,_, —SPECTRAL ASSIGNMENTS

We show in Fig. 3 the structure of the high-
temperature superconductor YBa,Cu;0,_,. To facilitate

comparison between results on YBa,Cu;0,_, with those
on the other superconductors, we have arbitrarily as-
signed four plane designations (planes 0-3), as shown in
Fig. 3. Y*? is alone in plane 0; O(2), and O(3) are in the
CuO, plane, plane 1; the Cu(1)-O(1) bridging oxygen
[O(1)] is in the BaO plane, plane 2; plane 3 contains the
chain oxygen, O(4). Also shown in Fig. 3 is the (partial)
structure of La, 4581y ;sCuO,, drawn to emphasize its
similarities with YBa,Cu;0,_,. The Bi,Cu, and T1,Cu,
species also have very similar structures to
YBa,Cu;0,_,, as indicated in Fig. 3.

We show in Fig. 4 the 48.8-MHz (8.45-T) 70 NMR
spectra of a powder sample of YBa,Cu,!’0O,_, at 300 and
at 77 K, Figs. 4(a) and 4(b). There are clearly two main
features in the 300 K spectrum: an intense peak at
~ 1800 ppm and a weaker set of peaks at =300 ppm. On
cooling into the superconducting state, Fig. 4(b), the in-
tense feature undergoes a diamagnetic shift of ~ 800
ppm, while the less intense feature remains at approxi-
mately the same chemical shift. Taken together, we be-
lieve these intensity and shift results lead to a tentative

*

@

< (a)

r-]

s

>

»

o

4

£ (b)
A
40000 20000 0 ppm -20000

Frequency shift (ppm from H20)

FIG. 4. 8.45-T (48.8-MHz) O spin-echo spectra of random
powder sample of YBa,Cu;0,_, at (a) 300 K and (b) 77 K. The
* indicates a resonance from O(1) in aligned crystallites.
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FIG. 5. 8.45-T (48.8-MHz) 'O NMR spectra of magnetically aligned YBa,Cu;0,_, (Hyl|c), at 300 K. The peak intensities have
been equalized for clarity. The actual intensities for central and satellite transitions have the appropriate 9:8:5 relative intensity ra-
tios. 19 of the possible 20 transitions (four oxygens X five transitions) can be observed; the central transitions for O(2,3) overlap.
Connectivities for the individual sites are as follows: O(1), peaks 2, 4, 12, 18, 19; O(2,3), peaks 5-8, (10,11), 13-16; O(4), peaks 1, 3, 9,

17, 20.

assignment of the intense feature to the plane sites [four
oxygens, O(2) and O(3)], while the weaker feature, which
shifts much less with temperature, Fig. 4(b), can be as-
signed to the column site [two oxygens, O(1)]. We show
later that the chain oxygen [one oxygen, O(4)] resonates
at ~ 3000 ppm, and has a very large (~ 100 kHz) second-
order breadth, and is thus broadened beyond detection
limits, in powder samples. Results on a Eu®*-substituted
material, which tend to confirm the CuO, plane assign-
ment, have been presented elsewhere.?’

In order to obtain enhanced resolution, we have inves-
tigated magnetically ordered samples, and a composite
spectrum is shown in Fig. 5. The resolution is remark-
ably increased over that of the powder spectrum, and re-
veals a total of 19 peaks for the five transitions of the four
nonequivalent oxygen sites. Only the (<> —1) transition
for the planar oxygens [O(2,3)] is unsplit.

The results of Fig. 5 indicate that four pairs of satellite
transitions (peaks 5—-8, 13-16) of the central ~1900-ppm
feature (peak 10+11) can be readily resolved. The
overall intensity, intensity ratios, and ~1:1 splitting of
each feature strongly supports our assignment of the
~1800-ppm central transition feature (in the powder
sample) to the CuO, (plane 1) oxygens O(2) and O(3),
which might reasonably be expected to have slightly
different e?qQ /h values (permitting resolution in the sa-
tellite regions). The intensity ratio of the *3<+t3 to
t2<«<+1 transitions (1:1.18) is in reasonable agreement
with that expected (1:1.16).

From second-order perturbation theory we find

( xx )2
V(%(—)%):VO—}—E_OXZZ_% ’ (4)
0
Xxx = Xy )?
V(%H%):VO+%XZZ+—)C—)3CE‘O‘/—yy'— s (5)
0
X — X )
V(%‘—’—%)z"o‘*‘—%{)‘f— , (6)
(Xxx —X )2
'V(“%(—)*—%):VO——.Z}_OXZZ AxXX AW R (7)

320v,

(Xxx =Xy )
V(_%“"—%)=V0_T36Xzz"—760_%}1‘ ; (8)
where Y,,=eQV,/h are the Cartesian components of the
electric-field-gradient tensor, and v, is the center of the
resonance. The z axis is defined along the crystallograph-
ic ¢ axis. "
Adding Egs. (5) and (7), and (4) and (8), we find

Xxx =Xy )/
V(%H‘;‘)‘FV(—%‘_’—%):ZVO—F—%E;:L 9)
and
(Xxx —Xpy )
v(%«—»%)+v(—%<—>—%)=2v0—_&;6‘/—0— (10)

and subtracting Egs. (9) and (10), and (5) and (7), we find

[v(ieb) +v(—1to—)]—-[v(E2)+v( —3e—3)]
_ (X xx Xy )?

11
800w, ab

and

V(i) —v—to—)=1y, . (12)
Since X,x +X,, T+ X.; =0, we can solve for x,,, X,,, and
Xz- Table III shows the observed and predicted shifts on
two different samples, sample I at both 8.45 and 11.7 T
(data not shown), and sample II (Fig. 5) at 8.45 T.
We find the following averaged diagonal elements of the
efg tensor for the plane sites:  (XyixsX)poX2)
=1(3.95,—6.51,2.56) MHz and =£(4.02,—6.46,2.44)
MHz. There is excellent agreement between observed
and predicted shifts, Table III. Given the expected ex-
perimental errors, this result implies an e?¢Q /h value of
~6.5 MHz, with near axial symmetry (7~0.2-0.25)
about an axis perpendicular to the ¢ axis. The y;; results
given above are about 10% higher than those reported
previously, due to use of a better oriented sample, obser-
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vation of more transitions, and an alternate method of
calculation (not involving measurement of the field
dependence of the frequency shift of the central transi-
tion).

We can also detect the central and satellite transitions
for the column oxygen O(1) in Fig. 5 (peaks 2, 4, 12, 18,
and 19). The satellite separations indicate close to axial
symmetry. We previously recorded 70O NMR spectra (at
8.45 and 11.7 T) on another magnetically ordered sample,
as a function of rotation about an axis perpendicular to
the ordering (c) axis.?’ For the plane sites, we found com-
plex powder patterns were generated as the sample was
rotated about the a-b plane. However, for any axially
symmetric site whose principal electric-field-gradient ten-
sor axis (V,,) and chemical (or Knight) shift tensor axis
(6,,) is aligned along c, a sharp line is expected, as a func-
tion of rotation angle, in agreement with our experimen-
tal observation. The expression for the chemical shift as
a function of rotation angle 6 for such an oriented array
rotated about an axis perpendicular to the principal axis
is

8(e)=8,.+%§(3 cos?0—1)

2
9 €20 | _ne2
800 | voh (1—cos“0)
X (9 cos?0—1)X10° , (13)
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where §; is the isotropic shift, A=8, — 3§ is the chemical
(or Knight) shift anisotropy, and e2qQ /A is the quadru-
pole coupling constant. We previously determined that,
for the column (or bridging) oxygen O(1), §,=458 ppm,
A8=657 ppm, e’qQ /h=7.7 MHz, and =0. Since our
previous results also strongly support close to axial sym-
metry, we now estimate that the diagonal elements of the
efg tensor are =~=(3.65,3.65, —7.29) MHz, in reasonable
agreement with our previous result using the sample rota-
tion technique, of e2qQ /h ~7.7 MHz.

Using our previous observation that the isotropic shift
8, =458 ppm, we can estimate the 0° (H||c) shift for the
column site to be 458+ 2(657)=896 ppm. Experimental-
ly, we find §=924 ppm, in very good agreement with the
previous result. The calculated result from the satellite
transitions is 931 ppm. Thus both the sample rotation
and satellite transition observations are in good agree-
ment.

The remaining peaks in Fig. 5 (peaks 1, 3, 9, 17, 20)
must then originate from the chain site, O(4). Using the
same approach as outlined above, we find good agree-
ment between observed and calculated frequency shifts,
as shown in Table IV. For O@), we find
X =1(3.38,—10.94,7.56) MHz, or e2¢gQ /h=10.9 MHz
and n~0.38.

Using the Townes-Dailey approach described previous-
ly,22 and the expected ~47% ionic character of the
Cu—O—Cu bonds which can be deduced from the Paul-

TABLE III. Experimental and theoretical frequency shifts of planar oxygens in magnetically aligned YBa,Cu,'’0,_, at 8.45 and
11.7 T and derived diagonal elements of electric-field-gradient tensor.

Transition v(obs), ppm? v(calc), ppm? v(obs), ppm® v(calc), ppm® v(obs), ppm° v(calc), ppm°®
Site A4¢ %«»% 17220 17271 17237 17224 12967 12965
3o 9688 9663 9660 9660 7425 7426
to—1 1890 1883 1914 1913 1813 1803
—lo-3 —6093 — 6067 — 6008 —6016 —3901 —3902
'—%e—»—'% —14 139 — 14189 —14132 —14130 —9696 —9693
Site B* 32 16619 16 604 16 564 16 601 12476 12474
Epue 9372 9378 9362 9375 7216 7218
%«-—»—% 1890 1973 1914 1959 1813 1873
—le—3 —5604 —5612 —5610 —5625 —3559 —3560
-—%«—»—% —13389 —13376 —13319 — 13379 —9084 —9082
Diagonal elements of electric-field-gradient tensor (y;, MHz)

Site 49 +(3.94, —6.50,2.56)* +(4.11,—6.66,2.55)° +(3.80, —6.36,2.56)°
Site B° +(4.12,—6.56,2.44)* +(3.96, —6.40,2.44)° +(3.98, —6.42,2.44)°
Average diagonal elements of electric-field-gradient tensor (y;, MHz)

Site 449 +(3.95,—6.51,2.56)
Site B° +(4.02, —6.46,2.44)

28.45 T, sample 1.

®8.45 T, sample II.

°11.7 T, sample I.

dSite characterized by larger e2/¢gQ /h value.

“Site characterized by smaller e2gQ /h value. These sites correspond to O(2) and O(3), but cannot be assigned on a 1:1 basis, so have

been called 4 and B.
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TABLE IV. Experimental and theoretical frequency shifts of
chain oxygen O(4) in magnetically aligned YBa,Cu;0,_, at 8.45
T and derived diagonal elements of electric-field-gradient tensor

W)

Frequency shift (ppm)

Transition v(obs) v(calc)

Sl 48838 48801
ERE. 26025 26048
lo—1 2953 2971
—%«—»—% —20409 —20428
—%«—»-—% —44 149 —44 149

Diagonal elements of electric-field-gradient tensor (y;, MHz)
04) +(3.38, —10.94,7.56)

ing electronegativities [e(O)=3.5, €(Cu)=1.9], we deduce
for a 165° Cu—O—Cu bond that e’Qq,, =e’Qg,, = +5.5
MHz and e?Qq,,=—11 MHz. Although we are unable
to assign the Y, values to the crystallographic axes, the
above calculation certainly suggests that V,, is negative
and directed along the Cu—O—Cu bond axis. Addition
of a partial O hole in the o bonding orbital increases
eqQ /h.

We can also draw some conclusions about the chemical
shift or Knight shift anisotropy of the planar oxygens
0O(2,3) from our results on powder and oriented samples.
We find that the overall breadth of the O(2,3) resonance
is about 1300 ppm, at both 8.45 and 11.7 T, strongly indi-
cating a close to axially symmetric chemical or Knight
shift tensor, with o,,=0,=0,~1800 ppm, and
033=0~3100 ppm. In a sample oriented at 0° (H||c)
we find the resonance for O(2,3) to be at ~1800—1900
ppm, while in a sample rotated 90° about ¢, we generate a
powder pattern, with a o4; edge at ~3100 ppm.?’ Since
we do not observe a well-behaved rotation pattern for
0(2,3) like that observed for the column of bridging oxy-
gen, we conclude that the chemical or Knight shift tensor
elements must be o,, =1800 ppm, o,,=1800 ppm, and
0,,=3100 ppm. We cannot specifically identify the fre-
quency shifts as Knight shifts, since solely orbital effects
in conventional diamagnetic insulators such as K,WO,,
Mo(CO)g, and oxypicket fence porphyrin, are all in the
same general range, ~500-2000 ppm. However, given
the metallic nature of the CuO, planes, the demonstra-
tion of Korringa relaxation, and the identification of the
overall shift as a Knight shift (see below), identification of
the shift anisotropy as primarily a Knight shift anisotro-
py seems very plausible. Given also that the most
deshielded element of the shift tensor for the bridging ox-
ygen, O(1), is along the Cu—O—Cu bond direction, it is
also possible that 8,3 (and V,, for the plane sites) are also
oriented along the Cu—O—Cu bond axis.

Previously, we assigned O(1), O(2), and O(3) as above.?®
We also quoted the work of Bleier et al.,>® and stated we
had reproduced their observation of a peak at ~200-300
ppm, which they assigned to O(4). However, estimates of
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the intensity of this feature, the fact that it does not nar-
row significantly on magnetic ordering [in fact, it con-
tains a major O(1) component], our observation of a
~3000-ppm feature in our oriented sample, Hammel’s
observation of the £1l« 3 transitions for O@4) in their
sample,*® and our own observation of 19 of the 20 possi-
ble transitions in a magnetically aligned sample of
YBa,Cu;0,_,, when taken together indicate that O(4)
does in fact resonate even further downfield from the
plane sites, but appears to be undetectable in powder
samples. The 200-300-ppm features could arise from
broken chains, or perhaps C!’0,2~ (at ~194 ppm).

The enhanced breadth and large apparent shift for O(4)
we have observed could well correlate with the presence
of antiferromagnetic spin fluctuations in the CuO chains,
much as we have observed in the antiferromagnet CuO it-
self (see below).

We show in Fig. 6 'O NMR spectra of oxygen-
depleted powder samples of YBa,Cu;0,_,, and in Figs. 6
and 7 we show 7O NMR results on such materials as a
function of temperature. There is a slight high-field shift
of the CuO, plane-site resonance on going from Og ¢5 to
Og s, with, apparently, a major broadening on further ox-
ygen loss. This result is consistent with the very large

[o] T(K)
6.95 293
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FIG. 6. 845-T (48.8-MHz) 7O NMR spectra of (a)

YBa,Cu;0,_, as a function of oxygen content at 300 K, (b)
YBa,Cu;0g 5 spectra, as a function of temperature.
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function of temperature for the plane and column oxygen sites
YBa,Cu;0,_, and YBa,Cu;Oq s.

linewidth observed in the paramagnet-antiferromagnet
CuO, and taken together with the temperature-
dependence results on the Og¢ s species (Figs. 6 and 7)
suggests the onset of strong antiferromagnetic interac-
tions in species with O levels $6.5.37 As can be seen
from Figs. 6 and 7, the column oxygens are relatively
unaffected, at least down to O level ~6.50, and possibly
down to O levels ~6.35.

We believe these results are generally supportive of the
assignments to O(1) and O(2,3) given above. Thus the
planar oxygen site resonance is about twice as intense as
that of the bridging oxygen site resonance, and its reso-
nance frequency has the largest temperature dependence.
There are no clear indications (in powder samples) of
O(4), which would be consistent with a location in the
~3000-ppm region, its very large second-order breadth
(~100 kHz), and the fact that it is primarily O(4) which
is removed upon oxygen depletion. Although prelimi-
nary, our results show no evidence for any major increase
in T, on oxygen depletion, at least down to Og s, for
O(1-3).

COMPARISONS WITH OTHER
HIGH-T, MATERIALS AND OTHER OXIDES

If the results and assignments we have presented above
are correct, then it seems reasonable to make a number of
predictions about the 70 NMR behavior of other high-
T. materials. It seems reasonable to suppose that highly
shifted peaks, due to CuO, planes, might be present in all
Cu-containing materials, and if these large shifts are due,
at least in part, to the presence of Cu(ll) ions, then they
would likely be absent in Cu-free systems. In addition,
we might expect numerous features in the diamagnetic
region (say —200-700 ppm), due to BaO, SrO, BiO, TIO,
LaO, etc. planes, in the appropriate compositions.

To facilitate discussion, we refer back to Fig. 3 in
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which we presented a schematic diagram of the struc-
tures of four of the five materials of interest:
La, gsSrg ;5Cu0O,, YBa,Cu,0,_,, Bi,Sr,CaCu,04,,, and
T1,Ba,CaCu,0;,,. Figure 8 presents the O NMR
spectra of each material, obtained using a spin-echo
method, at 11.7 T and 300 K.

Clearly, each of the Cu-containing systems has an ex-
tremely broad and highly shifted feature at =~ 1800 ppm
from H,O (the actual width and peak maximum cannot
be accurately determined from a single spectrum, but the
maxima are close to those apparent), together with a
much narrower feature or series of features in the region
~0-600 ppm from H,O (diamagnetic region). The high-
ly shifted feature is absent in the Cu-free sample. These
results can all be qualitatively explained on the assump-
tion that the highly shifted features are due to oxygen

(Ba,K)O, BiO

La(Sr)O

(b)

Intensity (arb. units)

BaO,TIO
CU02
(e)
L T T l T T T T T T T T ] T T T T ' T LA ]
3000 2000 1000 0 -1000

Frequency shift (ppm from H,0)

FIG. 8. 11.7-T (67.8-MHz) '"O NMR spectra at 300 K of (a)
(Bag ¢K 4)BiO;, (b) La, sSrp ;sCuQ,, (¢c) YBa,Cu;O,_,, (d)
Bi,Sr,CaCu,04.,, and (e) Tl,Ba,CaCu,Oz,,. The * in (c)
represents O(1) sites in a small population of aligned crystallites
(which also contribute to the 1800-ppm feature).
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atoms in the CuO, planes, and that magnetic hyperfine
interactions are a primary cause of the large shifts. Since
the linewidths are so broad, they cannot arise solely from
quadrupole interactions (since e?qQ /h values are known)
or to dipolar interactions with Cu or ’O. They are not
T, dominated (see below), and hence must contain major
contributions from anisotropic chemical and/or Knight
shifts, from exchange coupling, or from some sort of
heterogeneous distribution of shifts. This latter possibili-
ty appears not to be the case for YBa,Cu;0,_,, as deter-
mined from the magnetic alignment experiments.

In sharp contrast to these shifted and/or broad
features, each Cu-containing sample has a narrower
feature (or features) in the “diamagnetic” region of the
spectrum. It is very tempting to assign each of these
features to planes 2 and 3, in which case they could arise
as follows:

La, 45814.15CuOy,
YB32CU3O7 —x

(La,Sr,)O (plane 2)
BaO (plane 2)

Bi,Sr,CaCu,04 . SrO (plane 2)
BiO (plane 3)
T1,Ba,CaCu,04 BaO (plane 2)

TIO (plane 3)

We already assigned the &= ~458-ppm peak in
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YBa,Cu;0,_, to the BaO plane [plane 2, coluthn oxygen
O(1)]. Now, while it may be premature to make large
numbers of additional assignments, given the difficulties
expected to be associated with synthesis and ’O labeling
of some phases; we shall nevertheless discuss the results
we have obtained, since we do predict a number of peaks
in the high-field region, which is what is actually found.
For example, with T1,Ba,CaCu,Oy ., as shown in Figs. 8
and 9, there are clearly two sites present in the high-field
region, having the following e¢2¢Q /h, 7, and 8, parame-
ters, as determined from computer simulations of the
8.45- and 11.7-T 170 NMR spectra, Fig. 9:

8.8 MHz, 7=0.13, §;=315 ppm
e2qQ/h=
5.35 MHz, 7=0.30, §;=350 ppm

for sites 4 and B, respectively. We have obtained good
agreement between 8.45- and 11.7-T spectra and simula-
tions using the above parameters, with a ~ 1:1 intensity
distribution. We believe this is suggestive of our observ-
ing the BaO (plane 2) and T1O (plane 3) oxygens, which
should have a 1:1 intensity ratio—confirming our idea
that isotopic labeling can be quite uniform. However, we
caution that synthesis of pure !’O-labeled Tl and Bi
phases is expected to be rather difficult, and there is the
ever present danger of selective labeling of minor impuri-
ty phases (which could be amorphous or otherwise
difficult to detect by x-ray methods) when gas phase

(b)

Intensity (arb. units)

(d)

-200

200 (o]

Frequency shift (ppm from H,0) Frequency shift ( arb. units )

FIG. 9. 'O NMR spectra (left) at 8.45 T (top) and 11.7 T (bottom) and computer simulations (right) of TIO and BaO sites in
T1,Ba,CaCu,0y., ., at 300 K. Fitting parameters were 8, =315 ppm, e2¢gQ /h=8.8 MHz, =0.13, and §,=350 ppm, e’qQ /h=5.35
MHz, n=0.30. :
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routes are involved. For TIl,Ba,CaCu,Og.,, we thus
used in addition a synthesis from !"O-enriched T1,05 and
70Q-enriched Ca,Ba,Cu;!’0,, and found again a major
peak at ~243 ppm (the same shift as the major singulari-
ty in the gas phase exchanged material), and broader, less
intense features at ~ 1600 ppm and ~2500 ppm. This
sample showed good flux exclusion, but contained detect-
able impurities by XRD. Nevertheless, since neither
starting material had features at these resonance shifts,
these results do support the tentative assignments given
above, as does the large diamagnetic shift of the ~ 1700-
ppm features on cooling to 77 K (see below).

If these ideas are correct, then we would also expect to
see two peaks in the diamagnetic region of
Bi,Sr,CaCu,04. ,. Figure 8 gives little evidence for this.
However, one- and two-dimensional spin-nutation experi-
ments, as well as saturating comb-recovery experiments
(data not shown), both suggest two components, having
0io~280, 197 ppm, but their similarities in 7, and
e2qQ /h warrant further verification of this conclusion.

For La, 45Sry {sCuQy,, the results of Fig. 8 indicate a
single peak in the diamagnetic region, having §; ~480

00
(a)

— 90°
)
=
c
3
o
]
<
>
=
®
c
o
Ll
£

T ! T T T T I T T T T I T T T T I T T T

3000 2000 1000 0

Frequency shift (ppm from H,0) (b)

—
o 800
N
o
E
o 700
&=
£
a
(=) .
~ 600
: -
=
/]
ey 500 O
c
@
3
T
o
w 400 T T

-1 ) 1 2
3cos20 -1

FIG. 10. 8.45-T (48.8-MHz) 7O NMR results on magnetical-
ly aligned La, 4sSry ;sCuQ,. (b) Graph showing frequency shift
of the peak maximum as a function of (3 cos’6— 1), where 6 is
the rotation angle in degrees (0°=H,||c).
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ppm. There appear to be no additional peaks in a nuta-
tion spectrum (data not shown). We have also been able
to obtain 7O NMR spectra of magnetically aligned
La, gsSry ;5CuO,, as shown in Fig. 10(a). We find little
evidence for sharp satellite transitions for the plane oxy-
gens, as found with YBa,Cu;0,_,, implying that the sa-
tellites must be rather broad, a result paralleling the
broad Cu NMR linewidths found in this system, perhaps
by coincidence. We also find that the sharp [La(Sr)O]
resonance remains quite sharp on sample rotation, and its
resonance shift as a function of rotation angle (6) maps
out a 3 cos’d— 1 pattern, as shown in Fig. 10(b). Because
of this, we assign this feature to the apical oxygens,
aligned along the crystallographic ¢ axis. We find the
frequency-shift tensor to be axially symmetric, with
011=05,=0,=481 ppm, and o33=0 =715 ppm. This
behavior explains the observation (at both 8.45 and 11.7
T) of an apparent isotropic shift of ~480 ppm, which
corresponds to observation of the dominant o, edge of a
powder pattern, at ~480 ppm. There is also a pro-
nounced orientation dependence to the width of this line,
which we believe corresponds with our observation in the
YBa,Cu,0,_, system (see below) of a rapid T,, behavior
for the column or bridging oxygen [O(1)] for H||c, and
much longer T,, behavior for Hylc (the o, edge dom-
inates the spectrum of the random powder). From the
rotation pattern of La, 45Sry {sCuQ,, we deduce an isotro-
pic shift, §; ~ 559 ppm. The observation that the rotation
pattern is described by a simple P,(cos8) dependence im-
plies that second-order quadrupole effects are small, i.e.,
e?qQ /h is very small [unlike in YBa,Cu,0,_,, where
O(1) is some 7.3 MHz]. This is consistent with our re-
sults on the pulse width nutation behavior found for the

Bag Ko.4B103
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FIG. 11. 11.7-T (67.8-MHz) 70O NMR spectra at 300 K of

oxides in the (Ba,K)BiO; system. (a) Bagy (K, 4BiO;. (b)
Ba, ;Ko ,BiO;. (c) BaBiO;.
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apical oxygen in La; 45Sry ;sCuQO,, where we find a max-
imum in signal intensity for a 3-4-usec pulse width,
where H,O has a maximum intensity at a 6-usec pulse
width. For an e?qQ /h of ~6.5 MHz [CuO, planar oxy-
gens O(2,3), or O(1), in YBa,Cu,0,_,], a maximum in
signal intensity would be observed at 1/(I+1) or ~2
usec, and a second-order contribution to the rotation pat-
tern would be observed, as with YBa,Cu,0,_,.%° This
observation of a very small e?qQ /h value for the apical
oxygen suggests to us the lack of any large covalent in-
teraction between the oxygens in the La(Sr)O plane with
the CuO, planar copper atoms.

We have also obtained preliminary results on the
(Ba,K)BiO; system at 11.7 T and 300 K, and data for
BaBiO;, BajgK,,BiO;, and the superconductor
Bay (K, 4BiO; are shown in Fig. 11. Since BaBiO; con-
tains no magnetic ion, a conventional diamagnetic chemi-
cal shift of ~375 ppm from H,O is found (from a com-
puter line-shape simulation of the second-order powder
pattern, for which we find e?qQ /h=7.5 MHz and 1=0).
However, upon doping with K*, we again find a large
paramagnetic shift (of =500 ppm), due in this case
perhaps, to the presence of holes on the oxygen sublat-
tice, or in the oxygen p band, consistent with the trans-
formation to the metallic state. Further field- and
temperature-dependence studies on this system aimed at
analyzing the line-shape and relaxation characteristics of
this copper-free system are in progress.

We now try to interpret these results on the supercon-
ductors themselves in light of our results on various mod-
el compounds.

In the diamagnetic region of the spectrum, we find an
interesting apparent correlation between the chemical
shifts observed for the superconductors, and those found
for some of the “parent” oxides. For example, the SrO
plane in Bi,Sr,CaCu,0O4,, (197 or 280 ppm) is more
shielded than the BaO plane in either Tl,Ba,CaCu,Og
(either 315 or 350 ppm) or in YBa,Cu,0,_, (~458 ppm),
just as SrO itself is considerably more shielded than BaO
(Table II). We also find similar trends with the plane 3
sites. Thus Bi,O; (§; =196 ppm) is more shielded than
T1,0; (6, =364 ppm, Table II), which seems to correlate
with the increased shielding found in the BiO plane 3 in
Bi,Sr,CaCu,04. , (197 or 280 ppm) versus the TIO plane
3 in T1,Ba,CaCu,Oq4 , (315 or 350 ppm). Although these
effects are very small, they may well represent a general
trend if magnetic shielding effects from the CuO, planes
are rather small, since then the large number of nearest-
neighbor Ba, Sr, Bi, or Tl atoms in the planes might well
have a large influence on §;. In any case, our chemical
shift results on model compounds indicate that the model
systems in general resonate either close to, or a few hun-
dred ppm downfield from, the plane 2 and plane 3 shifts
seen in the Cu-containing high-T, superconductors, in
their normal state. This statement applies to each of the
La(Sr)O, BaO, SrO, BiO, and TIO sites.

Now, upon cooling into the superconducting state, we
showed previously that plane 1 in YBa,Cu;O,;_, un-
derwent a ~0.1% diamagnetic shift, with the result that
the CuO, plane site resonated at ~900 ppm, at ~77 K.

ERIC OLDFIELD et al.

18

300K (a)

—
)
=
c
=]
g
[
©
A
>
=
7]
c
)
-
k=
77K
T
4000 2000 -2000

Frequency shift (ppm from H20)

FIG. 12. 845T (48.8-MHz) 'O NMR spectra of (a)
Bi,Sr,CaCu,04, , at 300 K, (b) Bi,Sr,CaCu,04,, at 77 K, (c)
T1,Ba,CaCu,04 ., at 300 K, (d) Tl,Ba,CaCu,0;, , at 77 K.
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FIG. 13. 8.45-T (48.8-MHz) "0 NMR spectra and computer
simulations of high-T, superconductors. (a) Computer simula-
tion having §,=1800 ppm, e%qQ/h=6.4 MHz, 1=0.22. (b)
Bi,Sr,CaCu,054,, 300 K, point-by-point spectrum. (c)
Tl,Ba,CaCu,04.4,, 77 K, point-by-point spectrum. (d)
YBa,Cu;0;_,, magnetically ordered (H,|c), 77 K, spectrum
taken in five pieces.
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We show in Fig. 12 the results of similar experiments
on Bi,Sr,CaCu,04,, and TLBa,CaCu,Og4,,. For
Bi,Sr,CaCu,0g3  ,, the results of Figs. 12(a) and 12(b) in-
dicate only a ~200-ppm diamagnetic shift for plane 1, a
result not unexpected since at 8.45 T this material is only
beginning to become superconducting, at 77 K. In con-
trast, the results on Tl,Ba,CaCu,0g,, (T, ~ 100 K) indi-
cate a ~0.13% diamagnetic shift for plane 1, in complete
accord with the previous results on YBa,Cu;0,_,. We
believe these results further support our spectral assign-
ments, and again indicate that the CuO, planes in both
YBa,Cu,0,_, and Tl,Ba,CaCu,0;,, have normal “di-
amagnetic” shifts, of a few hundred ppm from H,O, in
the superconducting state. We note, however, that the
diamagnetic shift in T1,Ba,CaCu,Og , is a rather mono-
tonic one as a function of temperature, unlike that in
YBa,Cu;0,_,, which could imply a slight oxygen
deficiency in this material (as seen in YBa,Cu;Og ).

We have also carried out initial experiments to deter-
mine e2qQ /h values for the CuO, planar oxygens in
Bi,Sr,CaCu,04,, and Tl,Ba,CaCu,0O5,,, and our pre-
liminary findings are shown in Fig. 13. Figure 13(a)
represents a theoretical line shape for e?gQ /7 =6.4 MHz
and 7=0.2, close to that found for YBa,Cu;0,_,. Fig-
ure 13(b) shows the point-by-point experimental spin-
echo spectra obtained using a fast recycle time (to attenu-
ate signals from planes 2 and 3), for Bi,Sr,CaCu,Oyg,.
There is clearly moderately good agreement between the
experimental result and the computer simulation, a result
consistent with the finding of Ishida et al.® Also shown
in Fig. 13 are the results we have obtained on
T1,Ba,CaCu,0yg ,, this time in the superconducting state
(at 77 K), Fig. 13(c). Again, there is moderate agreement
with  the YBa,Cu;0,_, simulation, implying
e?qQ /h =~6.4 MHz. Although additional results are re-
quired, the observation of similar CuO, plane oxygen
e2qQ /h values in YBa,Cu;0,_, and Bi,Sr,CaCu,O4, ,
at 300 K with that of T1,Ba,CaCu,0O4,, at 77 K (< T,),
together with the observation that y,, for YBa,Cu;0,_,
also does not change in a major way between 300 K (Fig.
5) and 77 K [Fig. 13(d)], suggests that e2qQ /h values for
the CuO, planar oxygens may not change by very much
on cooling below T,.

RELAXATION BEHAVIOR

Over the past few years, we have investigated the !7
NMR behavior of about 50 oxides, mixed oxides, zeolites,
polyoxoanions, and (oxo)-macromolecular systems. For
almost all solid phases, we find from recycle time-
dependence studies (which we routinely carry out to
determine optimum recycle times) that all 7| values must
be quite long, typically several seconds to tens of seconds,
or even longer. This is to be expected for oxygen nuclei
in rigid lattice systems. Exceptions are zeolites,>® where
e2gQ /h is modulated by rapid counterion motions,*® and
in oxypicket-fence-porphyrin, oxymyoglobin, and oxy-
hemoglobin, where O, ligand rotation can reduce T;.%
We also find that, in general, spin-echo decays as a func-
tion of time (“T,,”) are relatively long—since in general
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FIG. 14. 11.7-T (67.8-MHz) O NMR spectra of selected
model compounds, at 300 K; (a) CuO, (b) Bi,O3, (¢c) T1,03, (d)
amorphous SiO,. (e) Spin-echo decay spectra of T1,0;; the 27
values shown are in msec. (f) Spin-echo spectra of amorphous
Si0,, the 27 values shown are in msec.

(inhomogeneous) second-order quadrupole interactions
dominate the observed spectral linewidths.*!

We have now begun a study of T'; and spin-echo decay
(“T,,”) relaxation behavior in the high-T, superconduc-
tors, and in a series of model oxides. We show in Fig. 14
typical 'O NMR spectra of CuO [300 K, Fig. 14(a)],
Bi,O; [Fig. 14(b)], T1,0; [Fig. 14(c)], and SiO, [Fig.
14(d)]. CuO is a black, antiferromagnetically coupled
semiconductor,*? Bi,0; is a (yellow) semiconductor,
T1,0; is a (black) metallic oxide, and SiO, is a conven-
tional (white) diamagnetic insulator. The chemical shifts
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FIG. 15. 11.7-T spin-echo decay results on a variety of model
compounds. +,’'Ga NMR in GaSb. @, 0O NMR in CuO. 0,
70 NMR in T1,0;. X, 70 NMR in KCuO,. A, "0 NMR in
Bi,O;. O, "0 NMR in Cu,0. O, 7O NMR in SiO,.
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for Bi,0;, T1,0;, and SiO, are all in the normal “diamag-
netic” chemical shift range alluded to above. Figures
14(e) and 14(f) show the decay of the spin-echo amplitude
as a function of delay time (27, where 7 is the interpulse
separation), and represent typical signal-to-noise ratios,
and in Fig. 15 we show spin-echo decay measurements on
a wide range of model compounds, in graphical form.
All decay curves were obtained on polycrystalline materi-
als and show some Gaussian character. For comparison
we show, in Fig. 16, results on each of the Cu-containing
superconductors (at 300 K), and in Fig. 17 results on
YBa,Cu;0,_, at 77 K (< T,) as well.

There are a number of interesting features in Figs.
15-17. In Fig. 15, the extremes in T,, behavior are ex-
hibited by GaAs and SiO,. GaAs has a very rapid T,,,
but a T, of ~300 msec. The experimentally observed
linewidth of ~12 KHz can be accounted for by the
overwhelming dominance of spin exchange,* and as ex-
pected, MASS NMR gives only an insignificant line nar-
rowing.*?

On the other hand, the spectrum of SiO, [Fig. 14(d)] is
dominated by the (inhomogeneous) second-order quadru-
pole interaction, and has a very long T'; (approximately
tens of seconds), with a T,, presumably dominated by
homonuclear dipolar interactions.

CuO also has a very rapid decay, again due we believe
to exchange coupled interactions. T1,0; has the next
shortest T',,, and the presence of T1-TI exchange interac-
tions in this metallic oxide has previously been demon-
strated,* and exchange interactions in this system might
thus also be expected. The Cu(Ill)-containing species,

2100 (a) 2 104 (b)
g oogogoo ° o . g 2: .
. A4 ) . °
g . g .
9 . g o
& 104 § 103
< £
o] ]
L £
8 o LaO planes 8 o BaO planes
* CuOg planes * CuOy planes
1 T T 1 T
0 1000 2000 0 1000 2000
2t (UL sec) 2t (L sec)
2100 fog (c) Z107eg o (d)
g ‘30 S .. o
a b 2 ° o
S . k4 . °
= . ° = -.
v 3 o
g 104 ¢ R § 104 .
£ €
2 2 L
g ° BiO, SrO planes 8 o TIO, BaO planes
® CuOp planes * CuOo planes
1 T T 1 T T
0 1000 2000 0 1000 2000

2t (L sec) 2t (UL sec)

FIG. 16. 11.7-T (67.8-MHz) 'O NMR spin-echo decay be-
havior at 300 K in (a) La; 4sSry ;sCuQy, (b) YBa,Cu;0,_,, (c)
Bi,Sr,CaCu,0q ,, (d) T1,Ba,CaCu,O5 .
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FIG. 17. 8.45-T (48.8-MHz) 'O NMR spin-echo decay be-
havior at 300 and 77 K in YBa,Cu;0,_, (chain and column
depleted). ®, CuO, plane, 300 K. O, CuO, plane, 77 K (< T,).

KCuO,, has a longer T,,, which again likely has an ex-
change origin, since dipole-dipole interactions are expect-
ed to be small—as indicated by the very long T,, result
on the Cu! system Cu,O (a tan colored semiconductor),
as shown in Fig. 15.

The results of Fig. 15 provide a useful data set with
which to compare the results obtained on the high-T,
materials (above T,) shown in Fig. 16. For each of the
four main classes of copper-containing superconductor,
we show spin-echo decay results for the CuO,-containing
plane 1 (solid circles), and for planes 2 and 3 (open cir-
cles). Except for YBa,Cu;0,_,, we find a much more
rapid T,, for the CuO, plane sites than for planes 2 and 3
(which have similar behavior). For the Y, Bi, and TI sys-
tems, the echo decays for the CuO, planes are longer
than for CuO, but are quite close to that of the metallic
oxide, T1,0;. Of course, such comparisons are extremely
qualitative, but we are primarily interested here in using
these relaxation curves to show the great similarities be-
tween the four main high-7, types, since this helps estab-
lish our spectral assignments.

For YBa,Cu;0,_,, we find that the relaxation behav-
ior of the column oxygen [O(1)] is quite anisotropic. We
first noticed this effect in the spontaneously self-aligning
fraction (x in Figs. 4 and 8), and have confirmed the ob-
servation on a highly oriented sample (data not shown).
In this system, plane, chain, and column are character-
ized by fast echo decays (H||c). This behavior appears to
correlate with the orientation-dependent linewidth of the
apical oxygen in La; gsSr; 5CuO,.

What is also of some interest is the result we have ob-
tained on YBa,Cu;0,_, in the superconducting state (at
77 K), shown in Fig. 17. We find on cooling below T,
that, not only does the CuO, plane signal undergo an
~0.1% diamagnetic shift, but the spin-echo decay [for
the dominant plane site, O(2,3)] behavior lengthens con-
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siderably. A large change in the O-O exchange coupling
for O(2,3) below T, is suggested from this result, correlat-
ing presumably with the decreased (1/T,) behavior ob-
served far below T, (see below), although the change may
not be discontinuous. We are monitoring primarily
0(2,3) in this sample, which had been back exchanged
with %0, to remove chain and column contributions to
the observed spectrum.

We have also obtained spin-lattice relaxation time (7';)
results on our !"O-labeled materials. We show in Fig. 18
typical recovery curves for YBa,Cu;0,_, after a saturat-
ing comb, applied on resonance. Results at 300 K for the
CuO, planar oxygens are similar in an oriented sample
and a powder sample, and yield T; ~ 13 msec. The relax-
ation time of the column site O(1) (plane 2, bridging oxy-
gen) is considerably longer and slightly anisotropic, the
oriented sample had a T; ~ 116 msec, and the powder a
T, of ~160 msec. In Fig. 19 we show our T results (for
a powder sample) on O(1), O(2), and O(3) as a function of
temperature, and include for comparison the powder re-
sults obtained for O(2,3) by Ishida et al.3® Although Ishi-
da et al.®® imply their sample is labeled solely in the
planes, their labeling route would imply uniform labeling
(seven rather than four oxygens). However, if fast recycle
times were used, then primarily the O(2,3) planar oxygens
would be observed. The decreased relaxation rate com-
pared with that we observe may be due to the fact that
these authors fitted only the long-time tail of the free in-
duction decay (spin-echo tail), while we have used a triple
exponential form of the recovery.*>*® Indeed, treatment
of our data in this manner yields results in much closer
agreement with Ishida et al.3® than would be suggested
from Fig. 19. Our results are, however, in much better
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FIG. 18. 8.45-T (48.8-MHz) 'O spin-lattice relaxation data
on the oxygen sites of YBa,Cu;0,_, for the central transitions,
300 K. The points are the echo intensities, (o0 )—I(T), mea-
sured at time 7. A three-exponential recover (magnetic relaxa-
tion mechanism) was used to fit each data set.
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FIG. 19. Relaxation rates as a function of temperature for
YBa,Cu;0;_, powder as reported by Ishida et al. (Ref. 38) for
the plane site (A) and in this work for the plane (O) and bridg-
ing oxygen sites. Data obtained on a random powder sample,
on resonance.

agreement with those of Hammel®*® on oriented samples,
our T'; values being about a factor of 2 slower.

For all three groups, the T results indicate Korringa-
type behavior above T,, in sharp contrast to the Cu
NMR results on Cu(2).*” Using the following form of the
Korringa relaxation expression:

2
#i

Ye
T, =
V' agkT

Y

H_
AH

(14)

we can estimate the 7', values expected, from the ob-
served shifts. A lower estimate on the Knight shift can
be obtained from a measure of the diamagnetic shifts ob-
served on cooling YBa,Cu;0,_, and Tl,Ba,CaCu,Og5
to 77 K. For YBa,Cu;0,_, we find K~0.11%, and for
T1,Ba,CaCu,03,,, K~0.13%. A 0.12% shift would
predict a T at 100 K of ~ 100 msec or 1/T; ~10 sec™ .
However, it seems unlikely that the superconducting
transitions at 8.45 T are complete at 77 K for either sys-
tem, and perhaps a more reasonable diamagnetic shift of
70 would be in the range —181 ppm (Cu,0) to ~30
ppm (KCuO,). Using an average of these values yields
K =0.19%, for which 1/T,~26 sec” . Our determined
1/T, of ~18 sec” ! at 100 K clearly falls within the
range 10-26 sec”! (at 100 K), and, consistent with the
experimentally determined Korringa behavior above T,
observed by all groups, supports the origin of the large
70 NMR shifts of the plane oxygens as a Knight shift.
Thus oxygens in the CuO, planes in YBa,Cu;0,_,,
Bi,Sr,CaCu,04 ,, and Tl,Ba,CaCu,04., are all, more
likely than not, shifted by a Knight shift interaction,
based on our 7O NMR T, (see below) and frequency-
shift behavior, and each of these planes can thus be de-
scribed as being metallic. These results are in sharp con-
trast to the Cu NMR data, which do not show Korringa
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FIG. 20. 'O NMR spin-lattice relaxation data at

300 K for the CuO, central transition of the planar sites for
YBa,Cu,0,_, (48.8 MHz), Bi,Sr,CaCu,04,,  (67.8
MHz), and Tl,Ba,CaCu,05,, (67.8 MHz). The points are the
echo intensities I (o0 )—I(T) measured at a time T after a long
comb of pulses. The lines are the theoretical fits to the data.

behavior, and have been attributed to antiferromagnetic
spin fluctuations,*’ with localized moments on Cu(2).*4°

Below T, although we have only a very limited data
set at present, our relaxation rate results again suggest for
the planar oxygens a power-law behavior, similar to the
behavior seen for Cu(2) NMR by several groups, and as
observed by Hammel for 0(2,3).>¢ Our results show no
evidence for a BCS-type enhancement in 1/7 just below
T,.. However, as Koyama and Tachiki have noted,® spin
fluctuation could make the superconducting state gapless
at T,, resulting in power-law behavior below T, with no
BCS enhancement.

For the column oxygen, O(1), our relaxation rate re-
sults show a power-law temperature dependence greater
than linear just as observed by Hammel for the chain site
[O(4)].3¢ As noted by Hammel, the chain relaxation rate
(1/T,) above T, closely resembles that of the Cu(l)
NMR, and our results suggest a similar effect for the
column site, O(1) [both O(1) and O(4) are bound to
Cu(D)].

Finally, we show in Fig. 20 experimental saturating
comb-recovery results on the CuO, planar sites in
YBa,Cu;0,_,, Bi,Sr,CaCu,Oy4 4 ,, and
Tl,Ba,CaCu,0q., ,, at 300 K. We find T values of ~13,
~21, and ~ 32 msec, respectively. These results were all
obtained on resonance on powder samples using a three-
exponential recovery fit to the data, as shown in Fig. 20.
Taken together with the shift and echo decay results
presented above, we believe there is a remarkable similar-
ity between all three superconductors, and we believe a
_reasonable prediction, based on the T';, echo decay, and
frequency-shift results, is that all three show metallic,
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Korringa-type relaxation behavior in their normal state.
With YBa,Cu;0,_,, the enhanced 1/7T,; at 300 K im-
plies additional relaxation pathways at this temperature.
Further studies of this effect, which should be dependent
on the details of sample preparation, are in progress. We
also note, as can be deduced from the results shown in
Fig. 12, that T values found for the BaO, SrO, BiO, and
TIO planes in all materials are much longer than those
for the CuO planes. This observation is consistent with
their normal state diamagnetic shifts and the lack of any
large frequency shifts for planes 2 and 3 upon cooling to
77 K. Spin contributions to the frequency shift for these
sites thus appear to be relatively small.

CONCLUSIONS

We believe our results are of interest for several
reasons. First, we have been able to obtain resolved 7O
NMR spectra for most of the main types of high-T, su-
perconductor. We find in general that the 'O NMR
spectra of each copper-containing system contain a high-
ly paramagnetically shifted resonance, due to the CuO,
planes, and a feature or series of features in a much more
diamagnetically shifted region, attributable to the non-
copper-containing planar sites. The CuO, planar oxy-
gens undergo a large diamagnetic shift (in YBa,Cu;0,_,
and T1,Ba,CaCu,O4,,) on cooling to 77 K. For this
feature in YBa,Cu;0,_,, T relaxation measurements as
a function of temperature, above T, indicate Korringa-
type (metallic) relaxation behavior, and the estimated
Knight sift is in reasonable accord with the actual shift
observed. There seems to be no large change in e¢2qQ /h
of the planar oxygens on cooling below T,. The T
values for the CuO, sites in the Y, Bi, and T1 materials
are all quite similar. T, relaxation (or spin-echo decay
behavior) in powder samples for the CuO, planar sites (in
La, 4581y ;sCu0Oy4, YBa,Cu0,_,, Bi,Sr,CaCu,04,,, and
T1,Ba,CaCu,0g4. ) is much more rapid than for the non-
CuO, planar sites, and suggests a magnetic exchange ori-
gin. This effect seems to be decreased in the supercon-
ducting state (for YBa,Cu;0,_,, at 77 K). The Cu-free
system also exhibits a large paramagnetic shift (on K%
doping), on formation of the metallic state.
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