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Removing electrons from the CuO2 plane of cuprates alters the electronic correlations sufficiently
to produce high-temperature superconductivity. Associated with these changes are spectral-weight
transfers from the high-energy states of the insulator to low energies. In theory, these should be
detectable as an imbalance between the tunneling rate for electron injection and extraction—a
tunneling asymmetry. We introduce atomic-resolution tunneling-asymmetry imaging, finding
virtually identical phenomena in two lightly hole-doped cuprates: Ca1.88Na0.12CuO2Cl2 and
Bi2Sr2Dy0.2Ca0.8Cu2O8+d. Intense spatial variations in tunneling asymmetry occur primarily at the
planar oxygen sites; their spatial arrangement forms a Cu-O-Cu bond-centered electronic pattern
without long-range order but with 4a0-wide unidirectional electronic domains dispersed
throughout (a0: the Cu-O-Cu distance). The emerging picture is then of a partial hole localization
within an intrinsic electronic glass evolving, at higher hole densities, into complete delocalization
and highest-temperature superconductivity.

Metallicity of the cuprate CuO2 planes
derives (1) from both oxygen 2p and
copper 3d orbitals (Fig. 1A). Coulomb

interactions lift the degeneracy of the relevant
d-orbital, producing lower and upper d-states sepa-
rated by the Mott-Hubbard energy U (Fig. 1B).
The lower d-states and oxygen p-state become
hybridized, yielding a correlated insulator with
charge-transfer gapD (Fig. 1B). The “hole-doping”
process, which generates highest-temperature su-
perconductivity, then removes electrons from the
CuO2 plane, creating new hole-like electronic
states with predominantly oxygen 2p character
(2). This is a radically different process than hole-
doping a conventional semiconductor because,
when an electron is removed from a correlated
insulator, the states with which it was correlated
are also altered fundamentally. Numerical
modeling of this process (3) indicates that when
n holes per unit cell are introduced, the correlation
changes generate spectral-weight transfers from
both filled and empty high-energy bands—
resulting in the creation of ~2n new empty states

just above the chemical potential m (Fig. 1B). But
precisely how these spectral-weight transfers
result in cuprate high-temperature supercon-
ductivity remains controversial.

Recently, it has been proposed that these
doping-induced correlation changes might be
observable directly as an asymmetry of electron
tunneling currents with bias voltage (4, 5)—
electron extraction at negative sample bias being
strongly favored over electron injection at posi-
tive sample bias. Such effects should be de-
tectable with a scanning tunneling microscope
(STM). The STM tip-sample tunneling current
is given by

Iðr→, z, V Þ ¼ f ðr→, zÞ
Z

eV

0
Nðr→, EÞdE ð1Þ

where z is the tip’s surface-normal coordinate, V
is the relative sample-tip bias, and Nðr→,EÞ is
the sample’s local-density-of-states (LDOS) at
lateral locations r→ and energy E. Unmeasurable
effects due to the tunneling matrix elements, the
tunnel-barrier height, and z variations from elec-
tronic heterogeneity are contained in f ðr→, zÞ (see
supporting online text 1). For a simple metallic
system where f ðr→, zÞ is a featureless constant,
Eq. 1 shows that spatial mapping of the dif-
ferential tunneling conductance dI=dV ðr→,V Þ
yields Nðr→,E ¼ eV Þ. However, for the strongly
correlated electronic states in a lightly hole-
doped cuprate, the situation is much more
complex. In theory (4), the correlations cause
the ratio Z(V) of the average density-of-states
for empty states NðE ¼ þeV Þ to that of filled
states NðE ¼ −eV Þ to become asymmetric by
an amount

ZðV Þ ≡ NðE ¼ þeV Þ
NðE ¼ −eV Þ

≈
2n

1þ n
ð2Þ

Spectral-weight sum rules (5) also indicate that
the ratio Rðr→Þ of the energy-integrated Nðr→,EÞ
for empty states E > 0 to that of filled states E < 0
is related to n by

Rðr→Þ ≡

Z
Wc

0
Nðr→,EÞ dE

Z
0
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¼ 2nðr→Þ
1 − nðr→Þ

þ O
nt
U

! "
ð3Þ

Here t is in-plane hopping rate and Wc satisfies
“all low-energy scales” < Wc < U.

As a test of such ideas, we show in Fig. 1C
the predicted evolution of the tunneling
asymmetry (TA) with n from (4), and in Fig.
1D we show the measured evolution of spatially
averaged TA in a sequence of lightly hole-doped
Ca2-xNaxCuO2Cl2 samples with different x. We
see that the average TA is indeed large at low x
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Fig. 1. (A) Relevant electronic
orbitals of the CuO2 plane: Cu 3d
orbitals are shown in orange and
oxygen 2p orbitals are shown
in blue. A single plaquette of
four Cu atoms is shown within
the dashed square box, and a
single Cu-O-Cu unit is within
the dashed oval. (B) Schematic
energy levels in the CuO2 plane
and the effects of hole doping
upon it. (C) The expected tun-
neling asymmetry between elec-
tron extraction (negative bias)
and injection (positive bias) from
(4) where low values of Z occur at
low hole densities n. (D) Mea-
sured doping dependence of
average tunneling asymmetry
in Ca2-xNaxCuO2Cl2. a.u., arbi-
trary units.
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