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Abstract
We show the key role of the elastic local strain (or micro-strain) ε of the CuO2

lattice in the phase diagram of cuprate superconductors. The superconducting
critical temperature Tc(δ, ε) is shown to be a function of two variables, the
doping δ and the microstrain ε.

PACS number: 74.72.−h

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The doped cuprate perovskites, showing high-Tc superconductivity, construct a good example
of strongly correlated 2D electron phase with breakdown of the single electron picture.
However, this correlated electron fluid is not a ‘simple’ doped 2D Mott insulator described
by a single physical variable, the doping δ of the antiferromagnetic lattice (characterized by
the electron–electron repulsion U, magnetic interaction J and electron transfer t). Indeed,
the doping induces holes in the oxygen (O2− → O1−, or O(2p6) → O(2p5)) of the CuO2

sublattice forming Cu(3d9)O(2p5) two hole states instead of Cu3+ ions with Cu(3d8) two hole
states in the magnetic Cu2+(3d9) sublattice [1]. Therefore, localized electronic states, mostly
on the Cu 3d orbitals (giving spin fluctuations), are mixed with delocalized states on the O 2p
orbitals (giving a broken Fermi surface).

Here we show that the phase diagram of the electronic phase of cuprates is not simply
described by a single variable: the doping δ, i.e., the number of holes per Cu site, measuring
the distance from the charge transfer Mott insulator at δ = 0. In fact, the curves of the
superconducting critical temperature Tc(δ) versus doping are ‘material dependent’ as shown
in figure 1.

The aim of the present work is to show that understanding the ‘material dependence’ of
Tc via the identification of the physical variable tuned by changing the material for a constant
1 Present address: Department de Physique, Université de Fribourg, Perolles, CH-1700 Switzerland.
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Figure 1. The experimental curves of the superconducting critical temperature Tc versus the hole
doping δ in different cuprate perovskite families.
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Figure 2. The heterostructure of a generic cuprate perovskite made of a superlattice of CuO2, AO
and BO oxide layers.

doping level should shed light on the pairing mechanism in cuprates, which remains unresolved
even after 19 years from the discovery of high-Tc superconductivity in these materials.

2. The heterogeneous lattice of cuprates

The cuprate perovskites are heterogeneous materials formed by three different building blocks
[BO](AO)CuO2: the metallic bcc CuO2 layers, the insulating AO layers (rock-salt fcc layers
in hole doped cuprates) (A = Ba, Sr, La, Nd, Ca, Y, etc) and the charge reservoir BO layers
as shown in figure 2. It is well known that the cuprate perovskite lattice is stable only up to
a critical value of the lattice tolerance factor between the CuO2 layer and the rocksalt layers
[2, 3].

In hole (electron) doped superconductor the compressive (tensile) stress exerted on the
CuO2 plane by the lattice mismatch induces a compressive (tensile) CuO2 strain of the
Cu–O distance and a tensile (compressive) CuO2 strain on the rocksalt layer. The different
lattice mismatch or misfit between the building blocks of the different perovskites induces
an internal pressure on the CuO2 lattice modulating the Cu–O distance in the plane and
the superconducting critical temperature [4–7]. This is in qualitative agreement with the
experimental evidence that in doped La2CuO4 film Tc depends on the crystalline strain
induced by the perovskite film induced by the lattice mismatch with the substrate [8, 9].
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In a particular family (La1−yNdy)2−xSrxCuO4 it was found that the superconducting phase
is not simply controlled by x (controlling the hole doping) but also by y, controlling the
structure of the undoped parent compound (La1−yNdy)2CuO4 [10]. It was proposed that
the average buckling of the CuO2 layer (pushing the Cu–O–Cu bond angle away from
180◦) measured by crystallography provides a second variable for the phase diagram of
cuprate superconductors since the superconducting phase is suppressed by the onset of an
insulating antiferromagnetic phase for a buckling angle φ larger than a critical value 3.6◦.
This electronic phase occurs in the low temperature tetragonal (LTT) CuO2 lattice phase
with a stable static magnetic charge and lattice one-dimensional ordering at doping 1/8
(called LTT stripe phase) [10–13]. In contrast, in other families with tetragonal lattice the
average Cu–O–Cu deviates from 180◦ by a larger buckling angle 6.5◦ at optimum doping
for superconductivity and a scaling of increasing buckling with increasing Tc has been
found [14].

There is now increasing experimental evidence for textures at mesoscopic scale (in the
range 1–20 nm) in the CuO2 lattice that play an essential role in the onset of superconductivity
with short coherence length. There is growing evidence that the striped lattice modulation
of the CuO2 plane in Bi2212 could be a key to understanding the mesoscopic lattice textures
in more disordered cuprate perovskites. In fact, there are several reports on different stripe
orders, observed by magnetic scattering studies, scanning tunnelling spectroscopy (showing
local density of state modulations near the Fermi level), NMR and other probes [15]. The
solution of the mesoscopic structure requires the use of local and fast probes and the analysis of
weak and diffuse in x-ray diffraction line profiles beyond the average crystallographic peaks.

3. The local strain in the CuO2 lattice

The Cu–O pair distribution function in the CuO2 plane has been measured in different cuprate
families by polarized Cu K-edge EXAFS [16–18], that is a fast (10−15 s) and local probe,
via photoelectron single scattering processes. We have been able to identify the key role of
the strain of the CuO2 lattice to derive the superconducting temperature [19–23]. We have
focussed on a set of perovskite families, where the hole doping is obtained by adding interstitial
oxygen ions on the charge reservoir layers, and we have established the relation of the local
chemical pressure acting on the CuO2 layer with the local strain in the CuO2 lattice and shown
that it controls the superconducting critical temperature [19–24].

The average Cu–O distance as a function of the average ionic radius of the metal
ions in the (AO) block layers in contact with the CuO2 plane is plotted in figure 3.
The non-superconducting cuprates show the Cu–O equilibrium distance R0 = 197 pm. By
decreasing the ionic radius the phase diagram of the lattice structure goes from the tetrahedral
(T) phase of mercury-based cuprates (Hg1201, Hg1212) to the orthorhombic (O) phase
(Bi2212 and La214). Decreasing the average ionic radius in the (La1−yNdy)2O2 block of
(La1−yNdy)2−xSrxCuO4 system by increasing y, the system goes in the LTT phase for x >

0.12 or in the Pcnn phase for x < 0.12 where the buckling of the Cu–O–Cu bonds increases
with decreasing the ionic radius R(AO) in the (La1−yNdy)2O2 block layers due to an increasing
compressive stress acting on the CuO2 plane. Beyond a critical stress for the Nd content y =
0.8 the tensile stress acting on (La1−yNdy)2O2 block induces a phase transition from rocksalt
to fluorite type structure releasing the internal pressure and the perovskite shift to T′ structure
of electron doped perovskites with the fluorite structure of the Nd2O2 blocks inducing a tensile
stress on the CuO2 layers.

The maximum superconducting critical temperature Tcmax for each cuprate family occurs
at about the same doping level 0.15 < δoptimum< 0.18 as can be seen in figure 1. We have
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Figure 3. The copper–oxygen distance in plane R(Cu–O) as a function of the average ionic radius
in the AO block layers R(AO).
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Figure 4. The critical temperature at optimum doping in different cuprate perovskite families as
a function of the copper–oxygen distance in plane R(Cu–O), with the structural phase diagram
showing the four different crystallographic structures tetragonal (T′ and T), orthorhombic (O) and
pseudotetragonal (LTT). The hole doped (CaxLa1−x)(Ba1.75−xLa0.25−x)Cu3Oy (CLBLCO) family
with tetragonal structure provides the case of superconducting hole doped perovskites with the
largest Cu–O bonds.

plotted in figure 4 the values of Tcmax as a function of the Cu–O distance R. The systems where
the Cu–O distance is at the equilibrium distance R0 = 197 pm do not show superconductivity.
The superconducting Tc increases with decreasing the Cu–O distance in the range
196–192 pm in tetrahedral systems reaching a maximum at around 192 pm. The critical
temperature decreases with decreasing the Cu–O distance in the range 192–188 pm where
the lattice shows a non-homogeneous orthorhombic structure. Both the tetragonal (T) low
strain systems and the high strain LTT systems show an average buckling angle in the range
of 3–6◦. The systems in the orthorhombic phase show a modulated buckling angle Cu–O–Cu
in the range of 2–16◦ as shown by EXAFS in La214 [17] and by both EXAFS [16] and
x-ray anomalous scattering [25] in Bi2212. In particular, Bi2212 shows a striped lattice
structure characterized by a 1D modulation of the Cu–O (apical) distance [26] related
to the 1D modulation of the buckling of the CuO2 lattice [25, 27] associated with a
displacement of the Cu ion out of the plane of the coordinated oxygen ions (dimpling) that
is modulated with a wavevector Q1 = 0.4(π , π ), in units of 1/d where d is the Cu–O–Cu
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Figure 5. The dimpling of Cu ions out of the oxygen plane as a function of distance along the
distance in the b-axis direction of the superstructure.

distance in the standard tetragonal notation, or Q1 = 0.4(2π/a0) where a0 ∼ d
√

2 is the
orthorhombic axis of the unit cell of Bi2212 or La214 as shown in figure 5. The anisotropy of
the local structure at mesoscopic level has been determined by Cu-K edge EXAFS experiments
[27]. The static structure of the Cu displacement (�z) out of the oxygen plane by an order
of 30 pm, that implies a modulation of the component of the Cu–O molecular orbitals with
ml = 0 (3dz2 − r2).

The evidence that the CuO2 plane of a material in the orthorhombic phase is not
homogeneous is provided by many experimental local probes, and the fact that the average
electronic structure has neither the average tetragonal nor orthorhombic symmetry is clearly
shown by the momentum scanning photoemission experiment in figure 6 [28]. The results
of this experiment carried out at room temperature have been confirmed by Fretwell
et al [29] at liquid He temperature as is shown in figure 7.

Figure 6 shows the distribution of the spectral weight of quasi-particles at the Fermi level
(in the range of 50 meV around the Fermi level) as a colour plot as a function of the in-plane
electron momentum q(kx, ky). It is clear in the upper figure that the two orthorhombic high
symmetry directions X(−π , π ) and Y (π , π ) as well as the two tetragonal high symmetry
directions M1(π ,0) and M2(0, π ) are different. In the Y-direction the states at the Fermi level
have a pure dx2−y2 L(b1) symmetry, therefore are fully suppressed by dipole selection rules
in the first Brillouin zone (BZ), in our detection geometry called ‘even symmetry’. This is
confirmed by the fact that these dx2−y2 L(b1) are strong in the second BZ zone where the
transition is allowed by dipole selection rules. In contrast, the states at the Fermi level at
the crossing in the X-direction have a mixed symmetry (not pure dx2−y2 L(b1)), since they
are only weakly suppressed by the dipole selection rule in the first BZ zone and are very
weak in the second BZ. A clear difference is also observed between M1 and M2. The
difference in the second BZ zone where the Fermi surface appears is open in the M2 direction
(see figures 6 and 7), while it is more closed in the M1 direction. The anisotropy of the local
structure between the X- and Y-direction has also been observed by polarized Cu K-edge
EXAFS experiments [29].

The photoemission data show that the compressive strain of the Cu–O bonds induces a
variation of the electronic structure. The data shown in figure 8 reveal that the hopping integral
from Cu to oxygen increases with increasing ε as expected, but the variation is quite small. In
contrast, the next near-neighbour integral t ′ giving the oxygen–oxygen hopping in the plane
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Figure 6. The Fermi surface determined by momentum scanning photoemission experiment. In
the first Brillouin zone (enlarged in the lower panel) the dipole selection rule selects the states with
even symmetry while in the second Brillouin zone the odd states are selected (see the upper panel).
The circles in the upper figure indicate the expected Fermi surface. The wavevectors G, Q1 and
Q2 connecting points of the Fermi surface where the quasi-particle spectral weight is suppressed
(hot spots) are indicated in the lower panel.

shows an unexpected behaviour since it decreases with increasing strain and goes towards zero
at a strain value of about 0.07.

4. The self-organization of pseudo-Jahn Teller (JT) polarons

There is growing evidence that the electron–phonon coupling is a key parameter for
understanding the physics of the correlated electron fluid in cuprates. The non-conventional
electron–phonon coupling and its relevance for understanding the physics of cuprates
is indicated by several experiments [30–39] that have been interpreted in terms of an
inhomogeneous phase at mesoscopic level where localized charges and itinerant charge coexist.
The localized charges are trapped in regions of 6–8 copper sites forming polarons in the
intermediate coupling regime and they get self-organized forming 1D arrays of polaron strings
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Figure 7. The momentum scanning photoemission data of the Fermi surface near the M2 point
measured at T = 300 K by Saini et al [28] and at liquid helium temperature by Fretwell et al [29].
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Figure 8. The near-neighbour hopping integral t (Cu–O) and the next near-neighbour integral t ′
(oxygen–oxygen) as a function of the microstrain ε in different cuprates.

or stripes [40–44]. The local lattice distortions and the orbital symmetry show that the polarons
have a pseudo-Jahn Teller character [45, 46].

The self-organization in a striped pattern in a short mesoscopic scale of pseudo-Jahn
Teller polarons is shown in figure 5. Recently, it has been shown that in orthorhombic
oxygen doped La214 a mesoscopic texture is realized where a commensurate 3D charge
ordering at doping 1/8 coexists with superconducting domains. This phase is accompanied
by oxygen ordering in the temperature range below 350 K and it shows spin ordering below
40 K [47, 48].

5. The phase diagram of cuprate superconductors

The CuO2 strain ε defined as ε = 2(R(Cu–O)−R0)/R0 (where R0 is the unstrained Cu–O bond
length, R0 = 197 pm) has been shown [18–24] to be the second variable needed to define
the phase diagram of cuprate perovskites, beyond doping δ. Figure 9 shows the location
of the major families of cuprate superconductors in the plane (ε, δ). We can identify four
regions characterized by the symmetry of the crystallographic lattice. In the first region (T),
at low strain (ε < 0.04), the materials show a tetragonal structure. In the second region (O)
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at intermediate coupling in the range (0.04 < ε < 0.07) the lattice shows different types of
orthorhombic crystallographic structures. In the third region the lattice shows the Pcnn lattice
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symmetry. In the fourth region the lattice shows the LTT lattice symmetry where the local
distortion of the CuO4 square plane is of the type predicted for pseudo-JT polarons. The
Tc(δ, ε) represents a universal phase diagram in which the Tc reaches the highest value Tc ≈
150 K at δc ∼ 0.16, εc ∼ 0.04 (figure 10). It is of particular interest to study the variation of
the critical temperature Tc as a function of the strain ε at constant doping d = 1/8 = 0.125
that is shown in figure 11. The critical temperature reaches a maximum near ε = 0.04. At
about ε = 0.07 it shows a sharp decrease associated with the phase transition from the LTO
phase to the LTT phase shown in figure 11. The formation of the LTT crystallographic phase
at doping 1/8 goes together with the formation of a striped pattern of spin, charge and local
lattice distortions.
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[10] Büchner B, Breuer M, Freimuth A and Kampf A P 1994 Phys. Rev. Lett. 73 1841, and references therein
[11] Noda T, Eisaki H and Uchida S 1999 Science 286 265
[12] Zhou X J, Bogdanov P, Kellar S A, Noda T, Eisaki H, Uchida S, Hussain Z and Shen Z X 1999 Science 286 268
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