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ABSTRACT
Here we report experimental evidence that the high Tc superconductivity in a cuprate perovskite
occurs in a superlattice of quantum wires. The structure of the high Tc superconducting CuC>2 plane
in Bi2Sr2CaCu2Og+y (Bi2212) at the mesoscopic level (10-100 A) has been determined. It is
decorated by a plurality of parallel superconducting stripes of width L=14±1 A defined by the
domain walls formed by stripes of width W=l l±l A characterized by a 0.17 A shorter Cu-O(apical)
distance and a large tilting angle G=12±4° of the distorted square pyramids. We show that this
particular heterostructure provides the physical mechanism raising Tc from the low temperature
range TC<23K to the high temperature range 30K<Tc<150K. The amplification of the critical
temperature of the homogeneous CuO2 plane by a factor -10 is realized by 1) tuning the Fermi level

near the bottom of the second subband of the stripes, with ky=2n/L, formed by the quantum size
effect and 2) by forming a superlattice of wires with domain walls of width W of the order of the
superconducting coherence length £o

1. Introduction

The three dimensional (3D) homogeneous metals show a superconducting critical
temperature Tc1 in the low temperature range Tc<23 K2. The high Tc superconductivity,
30<Tc<150K, has been found in superconducting cuprate perovskites3. These metals
have an heterogeneous structure that reduces the effective dimensionality in the
mesoscopic scale length for the itinerant electrons. First, the structure is formed by the
CuO2 planes in a defective perovskite structure separated by rocksalt layers. The transport
properties show a 2D conductivity in the doped Cu(>2 planes in some of the best
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superconducting materials. They can be described as a superlattice of two dimensional
(2D) metallic CuC>2 planes (S) separated by either an insulator or semiconductor (I), or a
normal metal, or a metal with lower transition temperature (N). In the metallic CuO2 layers
the electron effective mass in the direction normal to the planes is close to infinite at the F
point of the band structure, and the coherent single electron hopping between the CuC>2
planes can be considered to be negligible. Therefore the single particle properties of
electrons in the CuO2 planes are like that of a 2D electron gas. The 3D superconducting
condensate is formed below Tc because of the Josephson coupling between the 2D
metallic layers47. In fact, the separation between the superconducting metallic layers h is
of the order of the superconducting coherence length £o. and they form a superlattice of
Josephson coupled films of alternated superconducting and insulating SISIS (or SNSNS)
films as in synthetic multilayers8-9.

Second, the structure of the metallic CuC>2 plane at the mesoscopic scale length, in the
range of 10-100 A, in one of the best superconducting materials Bi2Sr2CaCu2O8+y

(Bi2212), has been found to be formed by stripes of two different lattice distortions of the
CuC>2 plane by neutron diffraction works10-11. The first type of stripes are formed by Cu
site conformations with square pyramids similar to the low temperature orthorhombic
(LTO) phase of I^CuCU with a tilting angle of the square pyramids 0-3° from the c-axis
direction and a long Cu-O(apical) distance 2.5 A<Riong<2.6 A. The second type of stripes
are formed by Cu site conformations with a structure close to that of the low temperature
tetragonal (LTT) phase of Lai.gysBao.nsCuCU with a short Cu-O(apical) distance 2.35 A
< Rshort < 2.45 A and a large tilting angle 8°< 0 < 16°. These stripes, that we call LTT-
type stripes, run along the lines of the acceptors, interstitial oxygens, in the BiO plane.

The presence of different types of Cu site conformations has been detected by Cu K-
edge EXAFS (extended x-ray absorption fine structure)12-13. The symmetry of the
distortions and their temperature dependence show that the LTT-like stripes are determined
by the ordering of the polaronic impurity states in linear arrays12-13. While the LTO-like
distortion does not change the shape of the Fermi surface of an undistorted plane of square
planes, the LTT-like domains with a shorter Cu-O(apical) distance give a different Fermi
surface removing the degeneracy at the Van Hove singularity14- Moreover, for larger
distortions the large Fermi surface is spoiled and small pockets are formed15 as shown by
band structure calculations. Therefore the intinerant electrons in the LTO-like stripes are
reflected at the interface forming ID conducting stripes in the mesoscopic length scale.

In this work, first we describe the structure of the CuC>2 plane in Bi2212 as
determined by diffraction, second, we discuss with more details the key experiment13-16

that has been perfomed to measure the width of the stripes in the CuO2 plane, and, third,
we show that this experiment has provided the first experimental evidence for the
mechanism raising the critical temperature from the low temperature range to the high
temperature range1619: the critical temperature Tc is raised by a factor -10 in comparison
with that of the homogenous CuC>2 planes by the enhancement of the density of states at
the Fermi level by quantum size effects in the superlattice of metallic quantum wires.
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Fig.l. The modulation of the Cu-O(apical) distance (upper panel) and of the tilting angle of the

Cu square pyramids (lower panel) in the b-axis direction in Bi2212 as determined by neutron

diffraction10 '11.

2. The modulated structure of Bi2212 from diffraction

The crystallographic methods give the "average" structure of the CuO2 metallic plane
over domains of the order of 100 A (or larger) determined by the experimental coherence
lenght for diffraction. There are many experiments showing that the "local" structure
diverges from the "average" structure in the mesoscopic scale length d < 100 A and in the
time scale longer that the inverse of the gap ~ 25 meV. The Cu site conformations diverge
from the average structure because of both static and dynamic structural fluctuations that
have been associated with polaronic impurity states trapped by the out of plane acceptors.

The ordering of the domains of different Cu conformations is expected for the
ordering of dopants in the rocksalt layers and their corresponding polarons in the Cu(>2
plane. The ordering of dopants in the rocksalt layers takes place over small domains
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because of their poor mobility. The ordering of dopants over larger domains has been
observed at low temperature for dopants with higher mobility, interstitial oxygens, in
La2CuO4+y

20-23 and Bi2Sr2Caeu2O8+y (Bi2212)1011. A weak superstructure due to
ordering of oxygens in the La2O2 rocksalt layers in La2CuO4+y becomes clear at low
temperature21. The dopants in nickelate perovskite La2NiO4+y
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Fig.2. The modulation of the C11O2 plane in Bi2212 described by the projection in the ab plane

of the Cu ions (solid dots) and of the apical oxygen (open circles) as determined by neutron

diffraction of Yamamoto^ panels (a) and (b) and Beskrovnyi^ panels (c) and (d).

was found in Bi22121012. The Bi2212 crystals exhibit a superstructure due to a one-
dimensional (ID) modulation in the b axis direction (Ix4.7a) with wavevector q=0.21
(2jr/a) b, where a =5.4 A. The dopants, interstial oxygens, are ordered in lines in the BiO
plane.
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Fig. 3. The statistical distribution of the Cu-O(apical) distances determined by diffraction works.

A part of the doped holes in the plane, trapped by the acceptors, form polaronic impurity
states. The key information in order to solve the structure of the CuO2 plane is the size of
the domain of distorted lattice associated with the polaron. In order to obtain this
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information it is necessary to solve the superstructure. The incommensurate ID
superstructure shows high order harmonics in the diffraction pattern indicating a non
sinusoidal modulation. The anharmonic incommensurate superstructure makes the data
analysis complex and the results will be uncertain because of an infinite number of
different Cu site conformations. It is therefore necessary to describe the structural
modulation via the statistical distribution of Cu site conformations. Because of these
difficulties the diffraction studies largely diverge on the distribution of the Cu site
conformations.

The cross section of oxygen atoms in the x-ray diffraction experiments is weak and
therefore the uncertainty on the coordinates of oxygen ions is large25*28. Therefore first,
let us discuss the neutron diffraction data that are sensitive to oxygen atoms. Beskrovnyi et
al n have solved a superstructure with a period 4.75a from a single crystal neutron
diffraction experiment, and reported the structure of 19 different Cu site conformations.
Yamamoto et al.10 have solved the superstructure with an incommensurate period of
4.70145a from a powder neutron diffraction experiment. They have considered only the
first order superstructure spots and obtained a simple sinusoidal structural modulation.

By using the x-ray diffraction of a single crystal Calestani et al.26 have solved a
superstructure with period 5a and reported only five different Cu site conformations.
Petricek et al.27 have considered in the refinement the higher order superstructure spots
from single crystal x-ray diffraction and they reported a complex distribution of Cu site
conformations. Kan and Moss28 have reported a sinusoidal modulation as Yamamoto et
al.. All published crystalline structures agree on the fact that:

1) the Cu-O(apical) distance is modulated with the incommensurate period in the b
axis direction, as shown in Fig. 1; the variation of the Cu-O(apical) distance is due both to
the displacements of Cu atoms out of the distorted square plane of the 4 planar oxygens
O(planar) along the c-axis direction and displacements of apical oxygen. The lines of Cu
sites with the shorter Cu-O(apical) distance are close to the lines of interstitial oxygens in
the BiO plane.

2) The one-dimensional modulation of the Cu-O(apical) distance is correlated with the
modulation of the other conformational parameters of the local Cu site structure. The tilting
angle 0 of the pyramids from the c axis direction shows a large modulation. The variation
of the tilting angle measured by Yamamoto and Beskrovnyi along the modulation direction
y reported in Fig.l is large enough (8°-16°) in the domains where the Cu-O(apical)
distance is short and it is smaller in the range of 3 degrees in the domains where the Cu-
O(apical) distance is long.

3) It is possible to identify, in the O1O2 plane, stripes of different conformations of
the CUO5 pyramids. Fig.2 shows the projection of the Cu ions and the apical oxygens on
the CuO2 plane measured by neutron diffraction. The large (small) tilting is indicated by
the large (small) displacement of the projection of the apical oxygen from the Cu ion.
From this figure we can see that in the domains with the smaller tilting angle and the
longer Cu-O(apical) distances, in panel (b) and (d), the direction of the tilting in the ab
plane is in the a-axis direction (100) or b-axis direction (010) as in the low temperature
orthorhombic (LTO) structure of I^CuCU and therefore, we can call the domains of this
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type of Cu site conformations: LTO-type stripes.
The domains in panels (a) ancj (c) of Fig. 2, where the Cu site conformations have the

shorter Cu-O(apical) distance, are characterized by a large tilting of the apical oxygen in
the range of 8°-16° degrees. The direction of the tilting of the pyramids deviates from the
(100) or (010) toward the (110) direction. In the anharmonic modulation of the G1O2
plane, reported by Beskrovnyi et al., we have identified a stripe of width W~a, at room
temperature, of Cu site conformations as in the low temperature tetragonal (LTT) phase of
Lai.875Bao.i25Sr2Cu04 at the critical doping of 5 c=l/8. This stripe can be identified in
the central part of panel (c) formed by two Cu sites with the shortest distance and a tilting
angle of 8° degrees, therefore we will call the stripes with this type of conformations :
LTT-type stripes. Charge localization is expected for tilting angles larger than 3°. These
stripes will form domain walls that separate the itinerant electrons in the LTO-like stripes.

The published crystallographic structures diverge on the statistical distribution of the
Cu-O(apical) distances shown in Fig. 3. The sinusoidal modulation of Yamamoto et al.,
shown in Fig. 1, implies the characteristic continuos distribution with two peaks at the
extreme values, on the contrary the anharmonic modulations reported by Beskrovnyi et al.
and Calestani et al. results in a more complex form of the distribution. The most complex
distribution has been reported by Petricek et al., the amplitude of the distribution is much
wider from 2.2 A to 2.9 A than reported by other authors. They performed the most
sophisticated data analysis of the incommensurate and anharmonic superstructure but their
approach requires more fitting parameters making the results uncertain.

3. The measurement of the width of the stripes by EXAFS

We have undertaken this work to solve the controversy between the diffraction results
on the distribution of the Cu site conformations in the CuO2 plane, i.e., to determine the
character of the modulation from the harmonic-one giving the sinusoidal modulation to a
largely anharmonic-one giving a step function modulation.

u

10 20 30
y(A)

40 50

Fig. 4 The modulation of the Cu-O(apical) distance as measured by EXAFS in the direction of the

b axis using the orthorhombic notation.
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We have taken the Cu-O(apical) distance as a good conform atinal parameter to describe the
Cu conformations. We have measured directly the statistical distribution of the Cu-
O(apical) distances by a fast and local experimental probe. We have used the extended x-
ray absorption fine structure {EXAFS) in the x-ay absorption spectra. The recorded
EXAFS signal is a type of electron diffraction where the central atom (that absorbs the x-
ray photon) plays both the roles of the source and of the detector for the photoelectrons
back-scattered by the neighbor atoms. The interference effects between the outgoing and
the back-scattered electrons determine the EXAFS signal. The experimental time scale is
determined by the lifetime of the excited state ~1(H5 s. Inelastic electron-electron
scattering effects determine the radius of the cluster of about 6 A. Therefore we can probe
the static and dynamic fluctuations relevant to the superconducting mechanism in the
cuprate where the length scale is given by the superconducting coherence length 10 A and
the time scale of the order of 1014 s is determined by the inverse of the gap energy.

In this work the EXAFS signal has been extracted from the Cu K-edge x-ray
absorption spectra where the Cu atom plays the role of the central atom. Two neighbor
atoms with a distance difference larger than 0.1 A can be resolved in the raw data from
EXAFS spectra collected up to the momentum transfer q = 2k ~ 32 A~l

LTO-like

Fig. S Pictorial view of the C11O2 plane where the polarons (dashed circles) have condensed into

an incommensurate ID Wigner CDW at T<T*=120K forming stripes of width W of Cu site

conformations of LTT-type and short Cu-O(apical) bonds. The itinerant electron gas is given by

the ligand holes induced by doping (solid circles) confined in the stripes of width L of LTO-type

structure and long Cu-O(apical) bonds.

We have suppressed the signal of the in-plane oxygens in the first shell by measuring
the E//c polarized Cu K-edge EXAFS spectra. We can isolate the signal of the apical
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Fig. 6 The subbands formed by quantization of the wavevectors in the y direction in the stripes,

using a free electron model with effective mass m*=2. In the C11O2 plane the free electron subbands

are strongly modified by the band structure and it can be shown that the bottom of the second

subband is close to the Van Hove singularity.

oxygens in these spectra. The presence of a beat at kbeat ~9 A'1 in the EXAFS signal of
the apical oxygens indicates that the distribution of the Cu-O(apical) distances is not
continuos but it is given by only two distances separated by 7c/2kbeat -0.17 A. The data
can be fitted with only two distances indicating that the modulation is strongly anharmonic
and it is described by a step function. From the fitting we can extract the probability of the
short (Nshort /Ntot) and long (Niong /Ntot) bonds. Therefore we have determined that the
modulation of the Cu site conformations is not sinusoidal but it is a step function and the
CuC>2 plane can be described as formed by two types of stripes. The width of the stripes
can be obtained by measuring the modulation period Xp = 25±1 A in our crystal by
electron diffraction.

In fact we know that the distribution is one dimensional therefore the widths W (L) of
the stripes characterized by the short (long) Cu-O(apical) bonds are obtained from:

W= Xp (Nshort/Ntot)= n ±1 A
L= Xp (Niong /Ntot) =14 ±1 A

The one-dimensional modulation of the Cu-O(apical) distance is shown in Fig. 4. The
superconducting material appears to be a composite material formed by a superlattice of
quantum stripes as shown in Fig. 5. The width of the domain wall allows us to extract the
polaron size W - l l A. The average polaron charge density is <p/>=l/WXp giving
8^=0.05 doped holes per Cu site and 5£=8tot-$i=0.13 holes per Cu site doping the
stripes of width L forming the itinerant electron gas. From the measurement of the
superlattice period as function of doping the distribution of the two type of carriers in the
metallic phase has been derived2931.
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Fig. 7 The Tc amplification factor in a superlattice of Joseph son coupled quantum wells where H is

the thickness of each quantum well in comparison with bulk T c Co as function of the Fermi

wavevector kp i.e., of the electron gas density. The peaks occur at the resonant confinement

kp=mn/H for integer values of m.

4. The amplification of the critical temperature by quantum size effects

The measurement of the size of the stripe L allows us to predict the quantized values
of the electron wavevector perpendicular to the stripes kmy=m7C/L giving ID subbands
that are shown in Fig.6.

The first two subbands with kiy=7r/L and k2y=2rc/L= 1/2.7 (2xc/a) using a free
electron model are shown in Fig. 6. The actual subbands in the cuprate will be quite
different because of the lattice structure.We can show that the bottom of the second
subband is close to the Van Hove singularity of the 2D bands. The presence of a distorted
raw of Cu sites at the interface between the two type of stripes gives an indetermination of
the order of 30% on the quantized values kmy, m=integer. The Fermi level in the Bi2212
for the itinerant electrons of effective mass m*=2 is above the bottom of the second
subband as shown in Fig. 6. The value of the component of the wavector for the electrons
at the Fermi surface in the b axis direction, kpy, has been predicted by using the
experimental value of L=2.7 a (a=5.4 A) kFy= 0.37±0.01 (27c/a) and is in good
agreement with the experiments. The quantization of the wavevectors modifies the
electronic density of states from the two dimensional density of states to a quasi one-
dimensional density of states. Therefore peaks in the density of states are expected for the
prediced quantized values of the wavevector. The increase of the density of states at the
Fermi level raises the critical temperature. By having tuned the Fermi level above the
bottom of the second subband EF-E2~C0D» where top is the Debey frequency, all electrons
in the second subband condense while the electrons in the first subband provide the
electronic screening to reduce the effective Coulomb repulsion in the pairing mechanism.

The enhancement of the critical temperature by going from the homogeneous CuO2
plane to this heterostructure formed by the superlattice of quantum stripes can be easily
estimated to be about a factor 10 1619.32 The quantum fluctuations in low dimensions
D~l are quenched by the superlattice with the barrier width W of the order of the
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coherence length £()•
It has been shown1619- 32 that "by knowing the mechanism that raises the critical

temperature in the cuprates, new superconducting heterostructures can be produced with
high Tc by making superlattices of superconducting Josephson coupled quantum wells,
wires, or dots. For an electron gas confined in a single quantum well of thickness H, T c

will show peaks by tuning kF at the resonance conditions, where m=HkF/7i takes integer
values. Fig. 7 shows the calculated amplification factor, where T c m is the critical
temperature in the quantum well and T c co is that of the bulk system, for a
superconducting system with coupling constant NoV=0.2. The quantum fluctuations in
low dimension D<3 are quenched by Josephson coupling between the elements of the 3D
superlattice, i.e., the barrier width W between the elements of the superlattice should be of
the order of the superconducting coherence length £o-
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