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Neutron Spectroscopic Evidence for Cluster Formation and Percolative Superconductivity
in ErBa2Cu30
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Inelastic neutron scattering has been employed to study in detail the low-energy crystal-field excita-
tions of Er3+ in ErBazCu30 (6 & x & 7). The observed energy spectra are found to be the result of a
superposition of three stable states, which we interpret in terms of local regions of semiconducting and
metallic character. The superconductivity is shown to result from the formation of a two-dimensional
percolative network. A two-dimensional bond percolation model correctly predicts the critical oxygen
contents associated with the two-plateau structure of T, .

PACS numbers: 74.72.Jt, 71.70.Ch

One of the most interesting aspects of the superconduc-
tivity in the perovskite-type compounds RBa2Cu30
(R =rare earth or yttrium, 6 & x & 7) is the relation be-
tween T, and the oxygen stoichiometry. Annealed sys-
tems show the well-known two-plateau structure of T, .
While T, = 90 K for 7.0~ x ~ 6.8, it drops to about 60
K for 6.7~ x ~ 6.4, and the superconductivity is totally
suppressed for x (6.4. It is now generally believed that
the superconducting properties are related to both the ox-
ygen concentration and the oxygen ordering in the basal
plane. Another important feature is the eAect of phase
separation which generates a coexistence of two diferent
structural phases. Phase separation has been observed for
La2 —„Sr„Cu04+b, the parent compound for the layered
copper oxide systems, by neutron diff'raction experiments
on polycrystalline [1] and single-crystalline [2] materials,

La NMR studies [3], and fie1d-dependent magnetiza-
tion measurements [4]. Radaelli et al. have recently ob-
served similar eAects for ErBa2Cu30 in the vicinity of
the tetragonal to orthorhombic phase transformation [5].
There are a number of theoretical papers dealing with the
phase separation problem in high-T, superconductors, too
[6-8]. Based on the observation of the crystalline-
electric-field (CEF) interaction at the Er + site in

ErBa2Cu30 as a function of the oxygen content x, we
provide in this Letter direct experimental evidence for the
formation of three diAerent types of clusters in the super-
conducting Cu02 planes. In particular, the observed en-

ergy spectra are interpreted as a superposition of two
difterent metallic components and a semiconducting one,
the relative weight of each component being extremely
dependent upon the oxygen concentration x. The super-
conductivity can be shown to result from the formation of
a two-dimensional percolative network, with the two-
plateau structure of T, being directly related to the varia-
tion of the proportions of the diAerent cluster types versus
the oxygen content x.

In most high-T, compounds the rare-earth ions are sit-

uated close to the Cu02 planes where it is widely believed
that the superconducting carriers are located; thus the
CEF interaction at the R site constitutes an ideal probe
of the local symmetry and the charge distribution of the
superconducting Cu02 planes and thereby monitors
directly changes of the carrier concentration induced,
e.g. , by oxygen nonstoichiometry, pressure, doping, and
disordering eA'ects. Very detailed and direct information
about the CEF interaction results from inelastic neutron
scattering (INS) experiments, particularly for optically
opaque materials like the high-T, compounds. Recently
we have established in detail the CEF level structure of
ErBa2Cu30„, and we have been able to derive quantita-
tive information on the charge transfer upon oxygen
reduction and doping (at the Cu sites) from the experi-
mentally determined CEF parameters [9-11]. In partic-
ular, we have been able to observe all the seven excited
CEF states of Er + in ErBa2Cu30„resulting from the
decomposition of the sixteenfold degenerate ground-state
J-multiplet "Ii5y2 due to the CEF interaction of either or-
thorhombic or tetragonal symmetry. All the CEF transi-
tions were characterized by a monotonic behavior of their
energies versus the oxygen content x, with the exception
of the lowest-lying CEF state which was found to behave
in a totally anomalous way. Therefore we investigated
the low-energy CEF excitations of ErBa2Cu30 in more
detail under improved resolution conditions as discussed
below.

The polycrystalline ErBa2Cu30 samples were the
same as those used in our previous INS experiments
[9,11]. The sample preparation has been described in de-
tail elsewhere [12,13]. We treated the powdered material
by a temperature controlled desorption-absorption pro-
cedure to yield the final oxygen contents of x =6.09, 6.34,
6.45, 6.53, 6.78, 6.91, and 6.98. The samples were an-
nealed from 920 C to room temperature at a rate of
1'C/mm, but the cooling process was interrupted several
times for a period of 5 h at 800, 600, 400, and 200 C in
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order to improve the thermal equilibrium with regard to
the oxygen occupancies. Neutron diAraction proved the
crystallographic single-phase character of the samples,
and the two-plateau structure of T, was established by dc
magnetic susceptibility measurements. The INS experi-
ments were performed with use of the time-of-Bight spec-
trometer IN4 at the high-Aux reactor of the Institut
Laue-Langevin (ILL) at Grenoble with an incident neu-
tron energy of 17.21 meV. Using a very good collimation
we achieved an instrumental resolution (FWHM) of 0.3
meV for energy transfers 7 ~ hF, ~ 11 meV. The sam-
ples were enclosed into cylindrical aluminum containcon ainers
o 0 mm diam and 50 mm height which were mounted
in a helium cryostat to achieve temperatures T & 10 K.
The raw data have been corrected for absorption, detec-
tor e%ciency, background, and phase space eAects by
standard procedures.

The observed energy spectra covering the ground-state
transitions to the three lowest CEF states of ErBa2Cu30,
are shown in Fig. 1. The evolution of the scattering
versus the oxygen content x behaves diA'erently for the
three CEF transitions 8, 8, and C. While the energies of
the CEF transitions B and t are almost independent of x
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F I G. 1. Ener sgy pectra of neutrons scattered from
ErBa2Cu30 at T=10 K. The lines are the result of a least-
squares fitting procedure as explained in the text.

and their intensities are slowly increasing when going
from x =7 to x =6, the x dependence of the CEF transi-
tion 4 exhibits a most unusual behavior: Not only do we
observe a major shift to lower energies and a significant
decrease of the line intensity upon lowering the oxygen
content x, but also there is evidence for real substructures
associated with the CEF transition A. More specifically,
the CEF transition 8 appears to be decomposed into
three individual transitions Ai, A2, and A3, whose spec-
tral weights distinctly depend on the oxygen content x.

We ne now proceed to analyze the energy spectra of Fig. 1

in detail. In our earlier work [9,1 I] we have determined
the CEF parameters of ErBa2Cu30 for each oxygen
content on the basis of the average energies and intensi-
ties of the seven ground-state transitions. From these re-
sults we found that the matrix element of the CEF transi-
tion 8 decreases smoothly with decreasing energy. In the
analysis of the energy spectra of Fig. 1 the relative
strengths of the lines A (A =4 ~+42+23), 8, and C and
their centers of gravity were kept fixed at the transition
matrix elements and energies resulting from the previous-
ly determined CEF parameters [9,11], respectively. The
only fitting parameters were then a scaling factor for the
intensity, two linewidth parameters (one for the transi-
tions 2; and one for the transitions 8 and C), and three
positional parameters for the CEF transitions 2;. All the
transitions are approximated by Gaussian functions; thus
the linewidth can be expressed as a quadratic sum of both
intrinsic and instrumental contributions. We arrive at a
decomposition of the observed energy spectra as indicated
by the dashed lines in Fig. 1 which are found to be in ex-
cellent agreement with the experimental data. The main
results can be summarized as follows.

(I) Intensities: The transitions A~, A2, and A3 have
maximum weight close to x =7.0, x =6.5, and x =6.0 re-
spectively. With the CEF interaction being a local probe,
there is no doubt that the above substructures originate
from diIITerent local environments of the Er + ions which
obviously coexist in the compound ErBa2Cu30„.

(2) Energies: Whereas all the CEF transitions are in-
dependent of energy for oxygen content x ~ 6.5 within
the experiment error, they shift slightly when going from
x =6.5 to x =6.0. This may be due to the structural
discontinuities at the orthorhombic to tetragonal phase
transition at x = 6.4.

3) Linewidth: As visualized in Fig. 2 the intrinsic
linewidths of the transitions 3; are much smaller for oxy-
gen contents where these transitions individually reach
their maximum weight, namely, for x = 6.0, 6.5, and 7.0.

he linewidths obviously reAect the structural homo-
geneity around the Er + ions which is well defined when
only one particular cluster type dominates. The line-
widths of the transitions 8 and C vary in a similar
(though less pronounced) manner. The rather high de-
gree of homogeneity around x = 6.5 is certainly related
to superlattice ordering of the CuO chains as observed
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FIG. 2. Intrinsic linewidths of the CEI. transitions 2;, 8, and
Cdetermined for ErBa2Cu30 at T=10 K.

around x =6.5 by electron microscopy [14] or deduced
by neutron diffraction [15].

Our data and their interpretation provide clear experi-
mental evidence for cluster formation. It is tempting to
identify the three clusters associated with the transitions
2 ~, A2, and A3 by two local regions of metallic (T, = 90
K, T, = 60 K) and a local region of semiconducting char-
acter, respectively. In order to derive correctly the x-
dependent fractional proportions of the three cluster
types, the intensities of the transitions 8; have to be
corrected by the corresponding matrix elements of each
component by interpolating this function of energy (as
mentioned above, the matrix element for the CEF transi-
tion 2 varies smoothly with energy).

Figure 3 shows the fractional proportions of the three
cluster types which exhibit a continuous behavior versus
the oxygen content x, consistent with our earlier findings
that the transfer of holes into the Cu02 planes is linearly
related to the oxygenation process [9,11]. This is in

agreement with the bond valence sum arguments derived
from neutron diA'raction experiments on Er Ba2Cu30
which give evidence for a linear decrease of the c axis
upon hole doping [5], but in contrast to the conclusions of
similar experiments on YBa2Cu30 where the semicon-
ductor-metal transition has been suggested to be due to
the nonlinearity of the hole transfer into the planes [16].
Furthermore, the continuous increase of the metallic
states A~ and A2 can explain the increase of the super-
conducting volume fraction as observed by magnetic sus-
ceptibility measurements [5] when the oxygen content is
raised from x =6 to x =7.

Our current understanding of the superconducting
properties of ErBa2Cu30, (and more generally all the
RBa2Cu30 compounds) involves a percolation mecha-
nism of electric conductivity as recently discussed in both
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FIG. 3. Proportions of the lowest-lying CEI. transitions 2; of
ErBa2Cu30„as a function of the oxygen content x. The lines
refer to geometrical probability functions as explained in the
text.

theoretical [6] and experimental [4] work. For x =6 the
system is a perfect semiconductor. When adding oxygen
ions into the chains, holes are continuously transferred
into the Cu02 planes [9,11]. By this mechanism the
number of local regions with metallic character (associat-
ed with the CEF transition Aq) rises, which can partially
combine to form larger regions. For some critical con-
centration a percolative network is built up, and the sys-
tem undergoes a transition from the semiconducting to
the conducting state (with T, = 60 K). Upon further in-

creasing the hole concentration a second (different) type
of metallic cluster (associated with the CEF transition
A~) is formed; these start to attach to each other and at
the percolation limit induce a transition into another con-
ducting state (with T, =90 K). For a two-dimensional
square structure the critical concentration for bond per-
colation is p, =50% [17]. From the fractional propor-
tions of A2 and A~ displayed in Fig. 3 we can then im-

mediately determine the critical oxygen concentrations
for the transitions from the semiconducting to the T,
= 60 K superconducting state and to the T, = 90 K su-

perconducting state to be x2 =6.42 and x] =6.86, respec-
tively, which is in excellent agreement with the observed
two-plateau structure of T, [13,16]. For three-di-
mensional structures, on the other hand, the critical con-
centration for bond percolation is 20% (face-centered
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cubic) &p, &30% (simple cubic) [17]. From Fig. 3 we
derive 6.21 & x2& 6.31 and 6.64 & x~ & 6.73, which is in-

consistent with the observed two-plateau structure of T, .
This reinforces the well-known fact that the superconduc-
tivity in the perovskite-type compounds has indeed a
two-dimensional character. A similar percolation model
based on oxygen ordering effects in the CuO chains and
the presence of oxygen-poor regions acting as supercon-
ducting grain boundaries gives a critical value x~ =6.74
[8,18].

Combined statistical and geometrical considerations
may be useful to understand the x-dependent profiles of
the fractional proportions of the three cluster types visu-
alized in Fig. 3. In an earlier publication [19] we have
developed a local symmetry model and defined the follow-
ing probabilities Pi, (y) to have, for a given oxygen con-
tent x =6+y, k of the four oxygen chain sites (0, 2,0),
(1, 2,0), (0, 2, 1), and (1, 2, 1) nearest to the Er + ion

occup&ed:

4
Pk(y) = y"(I —y)' ", (0~ k ~4).

i

The fractional proportion of the cluster type A~ exhibits
the behavior predicted by the probability function P4(y)
(i.e. , all the oxygen chain sites being occupied). Similar-
ly, the fractional proportions of the cluster types A2 and
A3 follow the sum of the probability functions P3(J )
+P2(y) (i.e. , one or two empty oxygen chain sites) and
P

~ (J)+Po(y) (i.e., one or none oxygen chain site being
occupied), respectively. The above probability functions
are shown in Fig. 3 by solid lines which excellently repro-
duce the experimental data. However, it is not yet clear
whether this agreement is accidental or physically mean-
ingful.

Finally we emphasize the role of neutron CEF spec-
troscopy among all experimental techniques as a unique
and powerful tool to probe directly the local electronic
configurations of the high-T, perovskite-type compounds.
Any attempts to unravel cluster formation eA'ects in these
compounds, for example, by diAraction measurements,
are likely to fail due to the rather small localization range
anticipated for the difIerent clusters. Indeed, a recently
proposed ferromagnetic cluster model [6] predicts the lo-
cal phases in the La2- (Ba,Sr)„Cu04 and RBa2Cu30
compounds to include thirteen and five plane copper ions,
respectively, i.e., the localization range is restricted to a
few unit cells only. While the semiconducting to metal
transition may also be understood and related to the re-
cently reported phase separation effects at x =6.4 [5],
the coexistence of two diAerent types of metallic clusters
can only be detected by local probes such as neutron CEF

spectroscopy as outlined in the present work.
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