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' 0 nuclear-magnetic-resonance evidence for distinct carrier densities
in the two types of Cu02 planes of (Bi,pb)2Sr2Ca2Cu3oy
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A study of ' 0 NMR spectra in the normal phase of "0-enriched powder samples of
(Bi,Pb)2SriCa2Cu30» (2:2:2:3phase) has allowed us to distinguish the NMR lines of the Cu02 planes

having, respectively, pyramidal and square coordination for copper. The observed diff'erences in the
magnitude and temperature dependence of the "0 Knight shift of the two types of planes are con-
sistent with the occurrence of stronger electron correlations, or smaller carrier density, in the plane-
square coordinated planes, in accordance with recent theoretical predictions.

In the search for a mechanism of high-T, superconduc-
tivity in the bismuth and thallium cuprates, an important
issue is the understanding of the dependence of the prop-
erties of these materials as functions of the number n of
Cu02 planes per elementary structural unit. There are
some experimental indications' that there is a maximum
value of T, at n =3. With the view of explaining this situ-
ation it has been predicted very recently that for n ~ 3,
charge-carrier distribution differs strongly in the different
Cu02 planes, with a depletion in those planes most distant
from the Bi0 or T10 planes. " However no experimental
evidence of this inference has yet been disclosed.

Nuclear magnetic resonance (NMR) is adapted to pro-
duce such experimental evidence, through separation of
the ' 0 NMR shift contributions from the different Cu02
planes, which are not all crystallographically equivalent
forn&2.

We present in this paper a ' 0 NMR investigation of
the n =3 phase (with T, = 110 K) of the bismuth cuprate
superconductors, and compare the results to those recently
reported for the n=2 phase. The latter phase (with
T, =80 K) contains two structurally equivalent Cu02
planes (type I) per half unit cell, each CuOz plane being
surrounded by a SrO and a Ca plane. The n=3 phase
contains in addition to two planes of this type (type I), one
additional Cu02 plane (type II), surrounded by two Ca
planes. The environment of a type-I Cu02 plane deter-
mines a pyramidal oxygen coordination for copper, while
the environment of a type-II Cu02 layer determines a
planar-square coordination for copper.

We describe, hereafter, the identification of the ' 0
NMR contribution of the two types of planes and discuss
the magnitude of the observed Knight shifts and their
temperature dependence on the basis of the mentioned
theoretical predictions as well as of similar available ex-
perimental data for other high-T, superconductors.

The ' 0-enriched material was prepared by a gas ex-

change procedure using as starting material, a nearly-
single-phase ceramic of the n=3 phase. The ceramics
used' had the nominal composition Bi~ sPbo4Sr2Ca2Cu3-
09 s. X-ray diffraction and resistivity measurements and
chemical analysis showed that this ceramic had a propor-
tion of 92% of the n=3 phase, an average composition
Bi~ 7Pbo sSr2 ~sCa~ sCu3 ~sO~, and zero resistivity at 105
K. The ' 0 isotopic exchange was achieved by annealing
the pellets (= 2.5 g) for 18 h in a static atmosphere of en-
riched ' 0 (39.6%) in an air-tight silica tube connected to
a storage vessel containing ' 0 enriched gas. We have
studied by NMR two samples of ' 0 enriched material
differing in the temperature and pressure conditions used
during the gas exchange. The first sample (sample 1) was
annealed at 800'C under a gas pressure of 1 atm. The x-
ray-powder spectrum of this sample reveals a partial
transformation of the n =3 phase into the n=2 phase and
also into nonsuperconducting phases Ca2Pb04 and
CaPb03. However, the n =3 phase remains the dominant
phase in the sample, occupying approximately twice the
volume fraction of the n =2 phase.

The second sample (sample 2) was prepared using a
partial pressure of the enriched gas equal to —,

' atm at
room temperature, and an annealing temperature of
880'C. Its x-ray-powder spectrum shows that the initial
proportion of the n =3 phase is preserved ( & 90% of the
ceramic volume). However, the resistivity measurements
disclose a modification of the resistive transition: though
zero resistivity is achieved at 100 K, this state is the result
of two successive downward jumps onsetting at 113 and
103 K with a small plateau at about 105 K. It is not clear,
at the present time, whether this behavior is related to a
composition inhomogeneity within the n =3 phase, or to
the appearance of another superconducting phase in the
sample. It is worth noting that a similar behavior has
been pointed out in ceramics, having various nominal
compositions within the system Bi2Sr2Ca„—&Cu„02„+4,
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and attributed to the presence of the n =4 superconduct-
ing phase, i.e., having four CuOz planes in each elementa-
ry unit, two with pyramidal coordination and two with
plane-square coordination. From the x-ray data we can
infer that if this n =4 phase is possibly present in sample
2, it only occupies a small fraction of the volume.

Secondary-ion-mass-spectroscopy (SIMS) analysis of
the two samples yielded a proportion of substituted ' 0
approximately equal to 21%, and showed that this propor-
tion is uniform in the bulk of the samples.

The NMR measurements were carried out on a Bruker
spectrometer CXP 300 at a Larmor frequency v~ =40.7
MHz. Signals were obtained with a 90'-t -90' spin-echo
sequence, with r =30 ps and 90' =1.3 ps, and Fourier
transformed starting at a time r+2 ps after the second
pulse. Data at temperatures between 95 and 360 K were
obtained with a nitrogen Bruker cryostat.

The room temperature ' 0 NMR spectra of the two
n =3 samples are represented in Figs. 1(a) and 1(b) while
the spectrum of the n=2 phase, previously reported by
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us, is represented in Fig. 1(c). The three spectra have
some common characteristic features: (i) a broad line
(BL1) with a high-frequency shift K =0.19~ 0.01%
(K =hv/v, where v is the frequency line shift of the line,
relative to the position of the ' 0 line in tap water) and
(ii) a narrow line (NL) only weakly shifted towards high
frequencies (K =0.02%). The spectra relative to the n =3
samples present a main diff'erence with respect to the spec-
trum corresponding to the n=2 phase. An additional
broad line (BL2) is found at an intermediate position be-
tween BLI and NL, corresponding to a shift K=0.12
~ 0.01%.

The spin-lattice relaxation time T t is nonexponential
for the three lines of the spectra corresponding to the n =3
compounds. We have fitted the largest exponential com-
ponent of T~. It appears that BL1 and BL2 have short
spin-lattice relaxation times, respectively, 5 and 70 ms,
while NL has a much larger spin-lattice relaxation time of
about 2 s.

The temperature dependence of the three characteristic
lines of the spectra of the n 3 compounds has been inves-
tigated between 360 and 95 K. The shift of line NL is
temperature independent in the whole temperature range.
The shift of line BL1 (Fig. 2) is nearly temperature in-
dependent down to (T,+20 K) before displaying a steep
decrease. These two results are very similar to those pre-
viously reported for the n 2 phase for which only line
BL1 was found to be sensitive to the onset of superconduc-
tivity. " The new remarkable result is that the shift of
the BL2 line (Fig. 2) exhibits a continuous decrease on
cooling which starts at room temperature.

We had previously analyzed the spectrum of the n 2
phase and shown that, in accordance with other existing
NMR data, ' the line NL results from a quadrupolar in-
teraction and has to be associated to the oxygen in the
SrO planes, while line BLl results from a hyperfine in-
teraction between the spins of the ' 0 nuclei and the
charge carriers in the CuOz planes having pyramidal
coordination for copper. The absence of the expected BiO
line had been explained by the existence of an incommens-
urate superstructure in this compounds, which introduces
a large dispersion of the oxygen environment in these
planes. '

Note that, similarly to the situation in the n =2 phase,
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FIG. 1. Room temperature ' 0 spectra (vt, =40.7 MHz) of
enriched powdered samples of bismuth superconductor cuprates.
(a) Sample I (see the text) of the n 3 phase. (b) Sample 2 of
the n 3 phase. (c) The n 2 phase (see Ref. 5). The BL1 and
BL2 lines have been, respectively, assigned to the oxygen of the
type-I CuO& planes, with pyramidal coordination for copper,
and to the oxygen of the type-II CuOz planes with plane-square
coordination for copper. Line NL is associated to the SrO
planes.
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FIG. 2. Temperature dependences of the shift of line BL1
(open circles) and of line BL2 (solid circles) of the spectra cor-
responding to the n 3 phase.
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the contribution of the Bi-0 planes to the NMR spectra of
the n =3 phase is unlikely to be detected since these planes
are known to be affected by incommensurate modulations
with close characteristics in the two phases. '

Hence, the BL2 line, specific of the n=3 phase, can
reasonably be assigned to the oxygens of the additional
CuOq planes (type II). Furthermore, the relatively short
T~ (70 ms) as well as the pronounced temperature depen-
dence of this line suggests that the corresponding shift re-
sults from a Knight-shift interaction with the carriers ex-
pected to exist in this metallic plane. ' In the framework
of the above assignments the paramagnetic shifts corre-
sponding to BL1 and BL2 correspond to Knight shifts, re-
spectively, associated to the CuOz planes of type I and
type II.

Note that, consistently with the possible presence of
some n =4 phase a slight broadening and an enhanced in-
tensity of line BL2 in sample 2 [Fig. 1(b)] can be attribut-
ed to the fact that CuOi planes of type II are also present
in the n 4 phase.

In the view of interpreting the striking differences
pointed out between the ' 0 Knight shifts of the oxygen
nuclei in the square coordinated (type I) and in the py-
ramidal coordinated (type II) CuO& planes, it is worth
noting first that the Knight shift is the sum of two contri-
butions: a spin contribution K,~;„and an orbital one
K„b. The latter contribution is expected to be tempera-
ture independent. In general, its magnitude can be de-
duced from the residual value of the total Knight shift at
T=O (in practice at temperatures well below T, ) since
K,~;„ is expected to cancel out due to the pairing of the
spins which occurs in the superconducting state. Existing
data for the ' 0 Knight shift relative to the CuOq planes
in high-T, superconductors, and in particular for the case
of the n =2 phase in the bismuth cuprates, show that K„b
is weak, and that, above T„ the total Knight shift is al-
most equal to its spin contribution. We can reasonably as-
sume that this situation remains valid for the type I and II
shifts in the n=3 phase and consider that the observed
diff'erences in the Knight-shift behavior essentially reflect
differences in K,„;„.The latter quantity is the product of
the paramagnetic spin susceptibility of the carriers and of
a hyperfine factor which reflects the electron probability
density at the site of the nuclei. For the two types of
CuOz planes, the orbital hybridization corresponding to
the charge carriers is expected to be the same, essentially
determined by the structure of the CuO& planes. '

Hence, the observed differences in the type-I and type-
II Knight shifts can be assigned to differences between the
paramagnetic spin susceptibility of the charge carriers in
the two types of planes.

In this respect, the standard situation expected in a nor-
mal metallic phase is the observation of the temperature-
independent Pauli-type susceptibility of a free-carriers
gas. This type of behavior matches well the observations
of the Knight shift in the type-I planes, where a tempera-
ture dependence is only found nearby T„when the free-
carrier gas picture is expected to breakdown. In the type-
II planes there is clearly a departure from the free-carrier
gas situation already at room temperature.

We assign this departure to the occurrence in these

planes of significant correlations between the carriers.
This assumption allows us to interpret satisfactorily the
two differences pointed out above in the behavior of the
type-I and type-II Knight shifts. Indeed, the occurrence
of electron correlations is expected to decrease the value
of the spin susceptibility g, via a lowering of the effective
one-electron density of states at the Fermi level with
respect to the ideal free-electron gas: some amount of
spin-spin correlations takes place which decreases the
paramagnetic spin response. Moreover, a temperature
dependence of g„namely a decrease on cooling, will be
determined by the extension, on cooling, of the antiferro-
magnetic type of ordering which is normally expected to
result from the antipara1lel spin correlations.

Note that a similar situation exists in the case of oxy-
gen-deficient YBaqCu306q„. A temperature-inde-
pendent spin susceptibility has been found for the CuOq
planes in oxygen saturated YBa&Cu30q, while for the
oxygen-deficient compounds two results have been pointed
out: (i) a decrease of g, with decreasing values of the oxy-
gen content x; ' (ii) for x (1, a temperature depen-
dence siinilar to that reported here for the type-II
planes in the bismuth cuprates. In YBaqCu306+, these
results have been assigned, similarly, to the occurrence of
electron correlations. ' The likelihood of this interpreta-
tion is strongly supported by the observations that electron
correlations of antiferromagnetic nature exist in these
substances, and that they are enhanced by a lower oxygen
content and by a decreasing temperature.

Let us now discuss, for the bismuth cuprates, the physi-
cal basis supporting the assumption of a different degree
of electron correlations in the two types of planes.

In the high-T, cuprates the occurrence of electron
correlations in the Cu0~ planes is known to depend closely
on the degree of filling of an antibonding hybridized one-
electron conduction band Cu(3d)-0(2p). ' ' If the
CuOq planes are isolated, this band is half filled. Such a
circumstance is known ' ' to favor the occurrence of elec-
tron correlations, and can determine the CuOi planes to
be antiferromagnetic Mott insulator at zero temperature.
This type of situation is believed to be reaiized in
stoichiometric LaqCu04 (Ref. 18) and in YBaqCu306~
for x &0.4. '

In the case of the n =2 phase of the bismuth based fam-
ily of compounds, electronic band calculations have shown
that there are transfers of electrons from the type-I CuO~
planes to the Bi-0 planes of the structure via the bridging
oxygens situated at the top of the pyramidal environment
of the coppers atoms. The Bi-0 planes thus act as reser-
voirs for the creation of holes in the type-I CuOq planes
and deplete the antibonding electron band associated with
these planes, which accordingly is less than half filled. As
a consequence the correlation eAects are attenuated and a
metallic normal state is possible.

In the n=3 compound, one expects that transfer of
electrons from the type-II CuOq planes to the Bi-0 planes
will be less important from the type-I layers to the Bi-0
ones. This has been shown theoretically for the similar
thallium layered structure on the basis of a simplified elec-
trostatic model, which considers the distribution of the
density of holes among the diA'erent CuOz planes of an



' 0 NUCLEAR-MAGNETIC-RESONANCE EVIDENCE FOR. . . 2429

elementary structural unit. In the framework of this mod-
el, there is an accumulation of 90% of the holes in the
type-I planes that are closest to the reservoir planes Bi-0
or Tl-O. The type-II planes, more distant from the reser-
voir planes, only contain 10% of the holes. This predicted
diA'erence between the two types of planes is qualitatively
consistent with preliminary results of electronic band cal-
culations, carried out for the n =3 phase. ' These calcula-
tions show that the number of holes in the type-II planes
is 90% of that in the type-I planes. Hence there are con-
verging theoretical arguments, somewhat diA'ering quanti-
tatively, asserting that the density of holes in the type-II
CuQi planes is smaller than in the type-I planes, in agree-
ment with our assignment of stronger correlations in the
former planes.

An attempt to estimate qualitatively the holes distribu-
tion among the type-I and type-II planes in the n 3
phase can be based on a comparison of our NMR data
with those previously reported in the case of YBa2-
CU30s+ (see Refs. 8 and 9). Thus, the relative magni-
tude of the ' 0 Knight shifts, as well as the temperature
dependences of g, in the type-I and type-II planes, can be
put in correspondence with the behavior of g, in
YBa2Cu30s~„ for the two values x I and 0.85. Con-
sistently with our preceding discussion we can assume that
the ratio of the density of holes in the type-I and type-II
planes is the same as the corresponding ratio for x 1 and

0.85 in YBaqCu306+„. Depending on the description
adopted for the latter material, the density of holes, i.e.,
the excess in oxygen content with respect to the half-filled
band situation, can be assumed proportional either 2 to
(x —0.4) or to x. On this basis, we obtain for the n 3
bismuth cuprates phase, a density of holes 15%-25%
smaller in the type-II planes than in the type-I planes.
This result appears closer to the predictions of the band-
structure calculations ' than to those of the electrostatic
model. "

In conclusion, we have shown that our NMR measure-
ments for the n 3 phase are consistent with the hetero-
geneous distribution of carriers recently conjectured. We
find the coexistence, in the same compound, on the one
hand, of Cu02 planes (type I) having a high density of
holes, and no pronounced manifestations of antiferromag-
netic correlations and of Cu02 planes (type II) which
present a hole deficiency, and where antiferromagnetic
correlations exist and are apparently enhanced in the nor-
mal phase when the temperature is decreased.

We are indebted to J. C. Toledano for helpful discus-
sions and careful reading of the manuscript. We appreci-
ated useful discussions with M. Lagiies and V. Barnole. A
grant by Centre National d'Etudes des Telecommuni-
cations for partial support of this work is gratefully ac-
knowledged by two of us (A.T. and L.N. ).

'H. Ihara, R. Sugise, M. Hirabayashi, N. Terada, M. Jo, K.
Hayashi, A. Negishi, M. Tokumoto, Y. Kimura, and T. Shi-
momura, Nature (London) 334, 510 (1988).

K. Nakamura, J. Sato, and K. Ogawa, Jpn. J. Appl. Phys. Lett.
29, L77 (1990).

3Hong Wang, Xialin Wang, Shuxia Shang, Zhuo Wang, Zhi-
kuan Lu, and Minhau Jiang, Appl. Phys. Lett. 57, 710
(1990).

M. Di Stasio, K. A. Miiller, and L. Pietronero, Phys. Rev. Lett.
64, 2827 (1990).

5A. Trokiner, R. Mellet, A. M. Pougnet, D. Morin, Y. M. Gao,
J. Primot, and J. Schneck, Phys. Rev. B 41, 9570 (1990).

P. Bordet, J. J. Capponi, C. Chaillout, J. Chenavas, A. W. He-
wat, E. A. Hewat, J. L. Hodeau, and M. Marezio, in Studies
of High Temperature Supe-rconductors, edited by A. Narli-
kar (Nova Science, New York, 1989), Vol. I, p. 171.

7H. Alloul, P. Mendels, G. Collin, and P. Monod, Phys. Rev.
Lett. 61, 746 (1988).

H. Alloul, T. Ohno, and P. Mendels, Phys. Rev. Lett. 63, 1700
(1989).

M. Takigawa, A. P. Reyes, P. C. Hammel, J. D. Thompson, R.
H. HeA'ner, Z. Fisk, and K. C. Ott, Phys. Rev. B 43, 247
(1991).

' L. Pierre, J. Schneck, D. Morin, J. C. Toledano, J. Primot, C.
Daguet, and H. Savary, J. Appl. Phys. 6$, 2296 (1990).

''Y. Kitaoka, Y. Berthier, P. Butaud, M. Horavic, P. Segransan,

C. Berthier, H. Katayoma- Yoshida, Y. Okabe, and T.
Takahashi, Physica C 162-164, 195 (1989).

' E. Oldfield, C. Coretsopoulos, S. Yang, L. Reven, H. C. Lee,
J. Shore, O. H. Han, and E. Ramli, Phys. Rev. B 40, 6832
(1989).

' J. C. Toledano, J. Schneck, and L. Pierre, Geometry and
Thermodynamics, NATO Advanced Study Institutes Ser. B
Vol. 229 (Plenum, New York, 1991), p. 335, and references
therein.

'~J. Friedel, J. Phys. C 1, 7757 (1989), and references therein.
'5N. Nuker, H. Romberg, X. X. Xi, J. Fink, B. Gegenheimer,

and Z. X. Zhao, Phys. Rev. B 39, 6619 (1989).
'6H. Monien, D. Pines, and M. Takigawa, Phys. Rev. B 43, 258

(1991).
'7T. M. Rice, Z. Phys. B 67, 141 (1987).
'sR. J. Birgeneau and G. Shirane, in Physical Properties of

High Temperature Superconductors I, edited by D. M.
Ginsberg (World Scientific, Singapore, 1989).

' P. Burlet, C. Vettier, M. J. Jurgens, J. Y. Henry, J. Rossat-
Mignot, H. Noel, M. Potel, P. Gougeon, and J. C. Levet, Phy-
sica C 153-155, 1115 (1988).
M. S. Hybertsen and L. F. Mattheiss, Phys. Rev. B 60, 1661
(1988).

~'R. J. Gupta (private communication).
J. M. Tranquada, S. M. Heald, A. R. Moodenbaugh, and
Youmen Xu, Phys. Rev. B 3$, 8893 (1988).


