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Abstract Tunneling spectroscopy played a central role in the experimental verifica-
tion of the microscopic theory of superconductivity in the classical superconductors.
In the case of high-temperature superconductors (HTS), the initial attempts to adopt
the same approach were hampered by various problems related to the complex-
ity of these materials. The progresses made in synthesizing high quality samples,
and the use of scanning tunneling microscopy/spectroscopy (STM/STS) on these
compounds allowed to overcome the main difficulties. In this review we present
some of the experimental highlights obtained with STM/STS techniques over the
last decade. Most of the results confirm the fact that this new class of materials dif-
fer noticeably from the conventional BCS superconductors, and provide convincing
arguments towards the understanding of the microscopic mechanisms at the origin
of high-temperature superconductivity.

1 Introduction

In the quest towards an understanding of high-temperature superconductors (HTS),
tunneling spectroscopy was rapidly considered as a key experimental technique. In
the past electron tunneling played a central role to test the microscopic mechanism
of conventional superconductivity, providing the first quantitative confirmation of
the BCS and strong coupling theories [1, 2]. The invention of the scanning tunnel-
ing microscope (STM) [3] opened a new world of possibilities for tunneling spec-
troscopy. A beautiful demonstration was realized with the observation of the vortex
lattice in NbSe2, showing how the electronic structure of the vortex core can be
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explored in detail [4]. On the cuprate HTS, the difficulty of obtaining reproducible
data with planar tunneling spectroscopy was partly due to a bad control of the tunnel
barrier and partly due to material inhomogeneities. Using the STM it was possible
to overcome these difficulties, to demonstrate reproducible spectra, and to identify
the essential intrinsic features of tunneling spectra on HTS [5]. The remarkable
progresses made in both the STM/STS technique and the synthesis of high quality
samples greatly contributed to the world-wide effort towards an understanding of
the underlying mechanism of high temperature superconductivity in the cuprates.
The recent discovery of high temperature superconductivity in the iron-based pnic-
tides [6] provided a fantastic boost in the field of superconductivity. Sharing many
resemblances with the HTS cuprates – like their bidimensional layered structure, the
strong magnetic correlations found in the normal state, or the existence of a (π ,π)
spin resonance in the superconducting state – these materials have focused much of
the attention of the community, and rapidly raised the question of whether the mi-
croscopic mechanisms responsible for high temperature superconductivity are the
same for both families of compounds. By now, still awaiting large and well pre-
pared surfaces, STS has not yet been able to fully exploit its capabilities on these
materials. There is no doubt that reproducible and convincing electron tunneling
data in iron-based pnictides will be obtained in a near future.

This article highlights some of the more striking STM/STS results obtained on
HTS cuprates during the last two decades [7]. After a brief introduction to the
STM/STS technique, we will describe the characteristic spectral features revealed
by these compounds. We will then report measurements obtained in the mixed state,
allowing a direct visualization of vortices and the study of the electronic signature of
their cores. We will finally focus on the observation of spatial periodic modulations
of the tunneling conductance.

2 Basic principles of the STM/STS technique

2.1 Operating principles

Quantum tunneling of electrons between two electrodes separated by a thin potential
barrier was known since the early days of quantum mechanics (Fig. 1a). The applica-
tion of this phenomenon to study the superconducting gap was first demonstrated in
superconductor/insulator/normal metal (SIN) planar junctions [1] and point-contact
junctions [8]. The invention of the scanning tunneling microscope [3] allowed to
overcome these rigid electrodes configurations by mounting a sharp metallic tip
(local probe) on a three dimensional piezoelectric drive (Fig. 1b). Applying a bias
voltage between the metallic tip and the conducting sample, and approaching the
tip within a few Ångströms of the sample surface, results in a measurable tunnel-
ing current. The tip is scanned in the xy-plane above the sample using the X and Y
actuators, while its height is controlled using the Z actuator.
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Fig. 1 (a) Tunneling process between the tip and the sample across a vacuum barrier of width d
and height φ (for simplicity, the tip and the sample are assumed to have the same work function φ ).
The electron wave functions Ψ decay exponentially into vacuum with a small overlap, allowing
the electrons to tunnel from one electrode to the other. With a positive bias voltage V applied to the
sample the electrons tunnel preferentially from the tip into unoccupied sample states. (b) Schematic
view of the scanning tunneling microscope.

The remarkable spatial resolution STM can achieve (a few hundredths of an
Ångström) comes from the exponential dependence of the tunneling current, I, on
the tip-to-sample spacing, d:

I ∼ e−2κd , κ =

√
2mφ

h̄2 ≈ 0.5
√

φ [eV] Å−1
. (1)

For a typical metal (φ ∼ 5 eV) the current will decrease by about one order of mag-
nitude for every Ångström increase in the electrode spacing. The lateral resolution
mainly depends on the apex geometry and electronic orbitals of the scanning tip,
which confine the tunneling electrons into a narrow channel, offering the unique
opportunity to perform real-space imaging down to atomic length scales. The tun-
neling regime is defined by a set of three interdependent parameters: the electrode
spacing d (typically 5–10 Å), the tunneling current I (typically 0.01–10 nA), and the
bias voltage V (typically 0.01–2 V). The parameters I and V are generally chosen to
set the tunneling resistance Rt =V/I in the GΩ range.

Controlling the sample surface quality is crucial. Contamination in ambient at-
mosphere may rapidly degrade the sample top layer, often preventing stable and re-
producible tunnel junctions and the investigation of intrinsic properties. This issue is
non trivial and different for each compound, depending on its crystallographic struc-
ture and surface nature. The most suitable surfaces for STM/STS are those prepared
in situ. Ideally, the top layers are mechanically removed by cleaving the sample in
ultra-high vacuum.
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2.2 Topography

In the topographic mode, the surface is mapped via the dependence of the tunneling
current upon the tip-to-sample distance. In the standard constant-current imaging
mode the tunneling current I is kept constant by continuously feedback-adjusting
the tip vertical position during the scan. Since the tunneling current integrates over
all states above or below EF up to an energy equal to the tunnel voltage, the constant-
current mapping corresponds to a profile of constant integrated electron density of
states (DOS). If the local DOS (LDOS) is homogeneous over the mapped area,
this profile corresponds to constant tip-to-sample spacing, and recording the height
of the tip as a function of position gives a three dimensional image of the surface
z = z(x, y). In the constant-height imaging mode, the tip is maintained at a constant
absolute height (feedback loop turned off) during the scan. For ideal tip and sample,
modulations of the tunneling current I(x, y) are only due to variations in the tip-to-
sample spacing, and recording the current as a function of position will reflect the
surface topography. In this mode the image corrugation also depends on the local
work function φ as d(x, y) ∼ ln I(x, y)/

√
φ . Thus, unless the actual local value of

φ is known, quantitative characterizations of topographic features are difficult to
achieve.

2.3 Local tunneling spectroscopy

In spectroscopy, the DOS of the material can be accessed by recording the tunneling
current I(V ) while the bias voltage is swept with the tip held at a fixed vertical posi-
tion. If a positive bias voltage V is applied to the sample, electrons will tunnel into
unoccupied sample states, whereas at negative bias they will tunnel out of occupied
sample states (Fig. 1a). For planar junction configurations, at zero temperature, the
tunneling conductance can be expressed as :

σ(V ) =
dI
dV

=
2πe2

h̄
|T |2Ntip(0)Nsample(eV ) (2)

where T , the tunneling matrix element, is assumed to be constant, and N(ω) is the
DOS measured from the Fermi energy. This simple formula shows the essence of
tunneling spectroscopy: the bias dependence of the tunneling conductance directly
probes the DOS of the sample. For understanding local probes like the STM, the use
of real-space spectral function provides an explicit relation between the tunneling
current and the sample LDOS Nsample(x, ω):

I ∝

∫
dω [ f (ω− eV )− f (ω)]×Ntip(ω− eV )Nsample(x, ω) (3)

where x denotes the tip center of curvature [9]. Assuming a structureless tip DOS,
Ntip(ω) = constant, one finds
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σ(x,V ) ∝

∫
dω [− f ′(ω− eV )]Nsample(x, ω), (4)

where f ′ is the derivative of the Fermi function. Thus the interpretation of scanning
tunneling spectroscopy becomes remarkably simple: the voltage dependence of the
tunneling conductance measures the thermally smeared LDOS of the sample at the
position of the tip. Because the local tunneling matrix element is properly taken
into account, Eq. (4) describes the STM much better than Eq. (2) describes planar
junctions.

Practically dI/dV spectra can either be obtained by numerical differentiation of
I(V ) curves or by a lock-in amplifier technique. In the latter case, a small ac-voltage
modulation Vac cos(ωt) is superimposed to the sample bias V , and the corresponding
modulation in the tunneling current is measured, with the component at frequency
ω proportional to dI/dV (V ). This statement is only valid if Vac � V and if I(V )
is sufficiently smooth. For optimal energy resolution, Vac should not exceed kBT ,
and typical values are in the few hundred µV range. The advantage offered by the
lock-in technique is that the sampling frequency ω can be selected outside the typ-
ical frequency domains of mechanical vibrations or electronic noise, considerably
enhancing the measurement sensitivity.

Spatially resolved tunneling spectroscopy fully exploits the capabilities of the
STM. In ‘current-imaging tunneling spectroscopy’ (CITS) [10], the tip is scanned
over the sample surface with a fixed tunneling resistance Rt = Vt/I, recording the
topographic information. At each point of the image, based on a regular matrix
of points distributed over the surface, the scan and the feedback are interrupted to
freeze the tip position (x, y, and z). This allows the voltage to be swept to measure
I(V ) and/or dI/dV , either at a single bias value or over an extended voltage range.
The bias voltage is then set back to Vt , the feedback is turned on and the scanning
resumed. The result is a topographic image measured at Vt , and simultaneous spec-
troscopic images reconstructed from the I(V ) and/or dI/dV data. This technique
provides a very rich set of information.

2.4 STS of superconductors

The measurement of the gap is the most direct application of tunneling spectroscopy
in superconductors. Since for standard isotropic BCS superconductors this gap is in-
dependent on the position in real space and on the momentum along the Fermi sur-
face in k-space (s-wave gap symmetry), the tunneling spectra of a homogeneous
sample neither depend on the tunneling direction nor on the position along the
surface. The situation is very different for layered HTS cuprates, owing to their
very anisotropic structural, electronic, and superconducting properties. As a conse-
quence, the tunneling spectra measured on these compounds may differ noticeably
from the spectra obtained on conventional superconductors like lead (see Fig. 2).

In the spectroscopic images, the best contrast is obtained by selecting the en-
ergy where maximal variations in the tunneling conductance occur. In the case of
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vortex imaging the mapping energy is usually selected at the position of the coher-
ence peaks (superconducting gap), or close to zero energy where the amplitude of
the localized core states is largest (Sec. 4). Spatially resolved tunneling spectroscopy
enables to reconstruct spectroscopic maps acquired simultaneously at different ener-
gies. One of the first example of such an analysis was provided by the measurement
of the energy dependence of the star-shaped vortex core structure in NbSe2 [11].
More recently the Fourier transforms of such maps revealed periodic modulations
of the LDOS in real space in Bi2212 [12] (Sec. 5). From the energy dependence of
these modulations, energy dispersion curves could be extracted, opening to STS the
door of reciprocal-space spectroscopies.

3 Spectral characteristics of HTS cuprates

3.1 General spectral features of HTS cuprates

We discuss here the typical spectral features of HTS cuprates by describing the
characteristics observed for two reference HTS compounds: the Bi-based and Y-
123 cuprates.

Bi2Sr2CaCu2O8+δ (Bi-2212) is the most widely studied HTS using STM since
it is relatively easy to prepare atomically flat and clean surfaces by cleaving. It is
commonly believed that at sufficiently low energies the measured DOS originates
from the CuO2 bilayer lying approximately 4.5 Å beneath the non-conducting sur-
face BiO layer. This compound was the first of any HTS whose surface yielded
atomic topographic resolution using STM. In addition to the atomic lattice a nearly
commensurate structural superstructure along [1̄10] can be seen. The prominent low-
energy features of the Bi-2212 spectra are two large conductance peaks defining a
clear gap, as shown in Fig. 2b for an optimally-doped single crystal [5, 16]. The
gap obtained by measuring half the energy separating the two conductance peaks,
∆p, – usually slightly larger than the value ∆ calculated from a proper fit of the
spectra [17] – yields ∼ 35− 40 meV for optimally-doped Bi-2212, much larger
than expected for a BCS superconductor with a similar Tc of 91 K (∼ 14 meV
for s-wave, ∼ 17 meV for d-wave). The V-shaped conductance around zero bias
(Fig. 2b) is indicative of the d-wave symmetry and the presence of nodes in the
gap. The spectra display a systematic electron-hole asymmetry, the conductance at
negative bias (occupied states) being slightly larger than the one at positive bias
(empty states). Heavily underdoped samples reveal a more pronounced asymmetry
(ascribed to strong-correlations effects [18]) and smeared coherence peaks at the gap
edges, which may be a consequence of the short quasiparticle lifetime due to prox-
imity of a Mott insulator phase. A remarkable conductance depletion (dip) develops
at an energy slightly higher than the coherence peak energy. In early STM experi-
ments, this feature was mostly obscured by an increasing (linear or parabolic) back-
ground conductance and became clearly apparent in spectra obtained with the best
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STM junctions. In Bi-2212 and in the three-layer compound Bi2Sr2Ca2Cu3O10+δ

(Bi-2223), the dip is systematically seen at negative sample bias [5], and in some
exceptional cases also at positive bias [19]. The dip structure, often accompanied
by a broad conductance hump at higher energy, is at the core of a heated debate.
One key question is whether it is a band structure or a strong coupling effect. The
tunneling spectra of Bi-2223 look very similar to those of Bi-2212, except that all
features are shifted to higher energies. On the contrary, the single-layer compound
Bi2Sr2CuO6 (Bi-2201) yields significantly different spectra (Fig. 2d) with a finite
zero-bias conductance, a bell-shaped background (reminiscent of the normal state
DOS) and a much larger reduced gap (2∆p/kBTc ∼ 28 in overdoped Bi-2201 [15]).

YBa2Cu3O7 (Y-123) is the second most studied HTS by STM. Y-123 is much
less anisotropic than Bi-2212 and lacks any natural cleaving plane. Thus atomic
resolution on as-grown Y-123 surfaces appears very difficult to achieve and has
been reported only on thin films [20]. A characteristic dI/dV spectrum measured
on an as grown optimally-doped Y-123 single crystal is shown in Fig. 2c. The spec-
trum reveals a number of remarkable differences compared to Bi-2212 with similar
Tc. The zero-bias conductance is always high and the conductance at high bias is
strongly energy-dependent. The main coherence peaks define a gap of ∼ 20 meV,
much closer to the value expected for a BCS d-wave superconductor than the gap
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Fig. 2 STS spectra measured on various superconductors: (a) Pb at 300 mK (circles); s-wave BCS
fit with ∆ = 1.12 meV (solid line); from [13]. (b) Optimally-doped Bi-2212 (Tc = 92 K) at 4.8 K
(solid line); s-wave BCS fit with ∆ = 27.5 meV and pair-breaking parameter Γ = 0.7 meV (dash-
dotted line), and low-energy V-shaped d-wave BCS conductance (dashed line); from [5]. (c) Y-123
at 4.2 K; from [14]. (d) Overdoped Bi-2201 (Tc = 10 K) at 2.5 K (solid line) and 82 K (dashed
line); adapted from [15].
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observed in the Bi-based cuprates. Additional structures of interest are weak shoul-
ders flanking the main peaks at higher energy, and two weak features often devel-
oping below the gap at about ±6 meV. Similarly to Bi-2212, the dip-hump feature
is also measured in the spectra of Y-123, but symmetrically at positive and negative
bias. The multiple peak structure does not correspond to the simple d-wave expec-
tation. The features inside the gap have been ascribed to weak proximity-induced
superconductivity in the BaO and CuO-chain planes [21, 22], while shoulders out-
side the main coherence peaks have been modelled in terms of the band structure
van-Hove singularity [17,21]. Although a completely satisfactory description of the
tunneling spectra in YBCO has still to be devised, STS measurements underline the
very high homogeneity of the electronic properties in this material, illustrated by the
first successful imaging of the Abrikosov vortex lattice in a HTS on Y-123 as-grown
surfaces [14] .

Attempts to fit the tunneling spectra of HTS compounds using a conventional d-
wave BCS DOS model usually fail to reproduce most of the measured spectral fea-
tures. This is particularly true for the global electron-hole asymmetry of the spectra,
the large spectral weight in the conductance peaks at the gap edges, and the dip-
hump feature. Both the asymmetry and the excessive spectral weight can be simu-
lated simultaneously by taking into account the band structure, and especially the
Van Hove singularity near (π, 0) and (0, π) in the Brillouin zone [17,23]. To explain
the presence of the dip-hump feature in the spectra, a coupling of quasiparticles with
a collective electronic mode was considered. Specific models [24] were developed
to describe the coupling of the electrons to the (π, π) spin resonance observed by
neutron scattering near 41 meV in Y-123 [25], and subsequently in Bi-2212 [26].
These models were used to calculate the tunneling spectra of Bi-2212 using doping-
dependent band structure parameters from ARPES [27]. Refinements in the fitting
procedure allowed to reproduce the features of the tunneling spectra measured in
both Bi-2212 and Bi-2223 with an extreme accuracy, and showed that the energy
of the resonant mode can be accessed by measuring the energy difference between
the dip and the coherence peak locations [28]. The analysis of a large number of
spectra corresponding to different gap magnitudes reveals that the spin resonance
energy extracted from the tunneling spectra and the gap magnitude are anticorre-
lated [28, 29], in agreement with neutron scattering measurements in underdoped
samples [26, 30].

3.2 Superconducting gap and pseudogap

While most conventional BCS superconductors reveal a gap ∆ proportional to the
superconducting transition temperature Tc, as predicted by the theory, many HTS
compounds do not show this behaviour. In overdoped Bi-2212, the gap decreases
with decreasing Tc, as expected. But in underdoped Bi-2212, the gap unexpectedly
increases with decreasing Tc [31, 32]. As a consequence, the reduced gap defined
as 2∆p/kBTc is not anymore constant: for Bi-based cuprates, it ranges from 4.3 to
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values as high as 28 [15], suggesting that Tc (the temperature at which the super-
conducting state with macroscopic phase coherence is established) is not the ap-
propriate energy scale to describe the gap. This striking experimental fact has to be
confronted with an unconventional normal state common to all HTS, characterized
by the opening of a gap in the electronic excitation spectrum at a temperature T ∗

above the critical temperature Tc. This so-called ‘pseudogap’ (PG) has been evi-
denced by many experimental techniques [33], and the answer to the question of its
origin may turn out to be essential for the understanding of high-Tc superconductiv-
ity. In some models, the PG is the manifestation of some order, static or fluctuating,
generally of magnetic origin, but unrelated to and/or in competition with the super-
conducting order. In this picture, the PG progressively disappears upon doping as
superconductivity sets in, possibly vanishing at a quantum critical point. In other
models, the PG is the precursor of the superconducting gap, and reflects pair fluc-
tuations above Tc. At present, a definitive answer is still lacking, although the STS
results favor the latter hypothesis. The doping dependence of the gap is much less
documented for Y-123 than for Bi-2212. Some studies report that unlike in Bi-2212,
the gap in Y-123 does scale with Tc as a function of doping, and the reduced gap
does not reach values as high as in Bi-2212 [34].

The first tunneling results revealing the PG in Bi-2212 were reported on planar
junctions [35] and using an STM junction [31]. These experiments showed unam-
biguously that some HTS display a superconducting gap that does not close at Tc. By
rising the temperature, the coherence-peak intensity is rapidly reduced at the bulk
Tc. The coherence peak at negative bias is suppressed and a reduced peak shifting
to a slightly higher energy remains at positive bias. Crossing Tc, the spectra exhibit
a pseudogap of quasi temperature-independent magnitude. Both the superconduct-
ing gap and the PG increase with underdoping in Bi-2212 (Fig. 3b). Overdoped
samples also reveal a PG however with smaller magnitudes, that vanishes at lower
temperatures [31, 36, 37]. A scaling between the amplitude of the gap and the PG
has been found to hold at all oxygen doping levels (Fig. 3b). STS measurements
on overdoped Bi-2201 revealed well-developed coherence peaks at ∆p ≈±12 meV,
yielding a reduced gap 2∆p/kBTc ≈ 28, a value seven times larger than the BCS ra-
tio. Similarly to the case of Bi-2212, this extremely high value is concomitant with
a PG state extending over an extremely wide temperature range above Tc [15].

The absence of scaling between Tc and ∆p for Bi-based cuprates may be recon-
sidered by replacing Tc with T ∗, the PG opening temperature. Doing so, as shown in
Fig. 3c, a constant reduced gap is recovered not only for Bi-2212 at various doping
levels, but also for Bi-2201 [15] and optimally-doped Y-123 [38]. This universal-
ity underlines the robustness of this scaling. The graph shows that 2∆p/kBT ∗ ≈ 4.3,
which corresponds to the BCS d-wave relation if T ∗ is considered instead of Tc. This
finding supports the idea that T ∗ is the mean-field BCS temperature, scaled with the
interaction energy that leads to superconductivity. STS studies demonstrated that
the characteristic PG signature is not only observed above Tc, but also occurs at low
temperatures inside vortex cores [39], as will be discussed further in Sec. 4.3.2, and
on strongly disordered surfaces [40, 41].
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Fig. 3 (a) Temperature evolution of STS spectra in underdoped Bi-2212 with Tc = 83 K, ∆p =
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rescaled by ∆p (right). (c) T ∗/Tc as a function of 2∆p/kBTc for various cuprates investigated by
tunneling spectroscopy. The mean-field d-wave relation 2∆p/kBT ∗ = 4.3 is indicated by the dashed
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4 Revealing vortices and the structure of their cores by STS

The fundamental properties of superconductors can be accessed by studying the
vortex matter. Indeed the electronic structure of the vortex cores as well as the in-
teraction between the flux lines are intimately connected with the nature and the
behavior of the charge carriers. STS offers the unique possibility to detect vortices
with nanometer-scale resolution, and the application of this technique to HTS com-
pounds was a considerable success. Vortex imaging finds an obvious interest in the
study of the spatial distribution of individual flux lines, allowing a direct measure
of the degree of vortex disorder. In addition, the probe can access electronic exci-
tations within the cores, revealing important and often unexpected properties of the
superconducting pairing state. This section will start with a brief overview of vortex
matter studies by STS, before focusing on the specific electronic signature of the
vortex cores.
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4.1 Vortex matter in conventional superconductors

STS imaging of the vortices relies on the fact that their cores affect the quasiparticle
excitation spectrum. Images are usually obtained by mapping the tunneling conduc-
tance in real space at a particular bias voltage, usually at the energy of the coherence
peaks. Using this criterion, the first imaging of flux lines with STS was performed on
the conventional BCS compound NbSe2 [4]. Following this remarkable experimen-
tal breakthrough, many other studies were reported on the same compound [42–46].

(c)(b)(a)

Fig. 4 STS images of vortices in low Tc superconductors: (a) 400× 400 nm2 hexagonal lattice
in NbSe2 (T = 1.3 K, H = 0.3 T) [42], (b) 60× 60 nm2 conductance map (T = 1.3 K, H = 6 T)
in the β -pyrochlore KOs2O6 [47], and (c) 250× 250 nm2 hexagonal lattice in MgB2 (T = 2 K,
H = 0.2 T) [48]. The mapping energy was ∆p for (a), and 0 for (b) and (c).

In Fig. 4a, the STS image reveals vortices arranged into a perfect hexagonal
network, with a lattice parameter of ∼ 90 nm, close to the 89 nm inter-vortex spac-
ing a4 = (2Φ0/

√
3H)

1
2 = 48.9/

√
H [T] nm, expected at a field of 0.3 T. Vortex

cores were found to be isotropic with an apparent radius of 15 to 20 nm—larger
than the coherence length of NbSe2 estimated to be 7.7 nm [49]. However, detailed
measurements performed later below 1 K allowed to resolve fine structures in the
imaged cores, revealing star-shaped patterns with sixfold symmetry [45, 50]. The-
oretical studies based on the Bogoliubov-de Gennes formalism and using a sixfold
perturbation term were able to explain the observed shape of the cores [51].

Other superconductors have been investigated by STS in the mixed state. A
hexagonal vortex lattice was detected in the pyrochlore compound KOs2O6 (Fig. 4b)
[47], in MgB2 single crystals (Fig. 4c) [48], or the Chevrel phases [52]. More sur-
prisingly, a square vortex lattice was found in the borocarbide LuNi2B2C [53], ex-
plained by considering a fourfold perturbation term in the Ginzburg-Landau free
energy, arising from the underlying tetragonal structure of the crystal.
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4.2 Vortex matter in HTS

The study of vortices in HTS by scanning tunneling spectroscopy remained for a
long time a challenging task, mostly because of the difficulties in obtaining surfaces
with sufficient quality and homogeneity. Another reason is the very small coherence
length characterizing the HTS materials. This has the direct implication that the
vortex cores are extremely tiny in comparison to conventional superconductors (and
thus difficult to localize) and also that the vortices get easily pinned by defects. As a
consequence, flux lines lattices show no perfect order in HTS at the relatively high
fields which are suitable for STS. Although a large number of STS studies have been
focused on the spectral characteristics of HTS in the superconducting state, vortices
have been imaged in only two compounds: Y-123 and the Bi-based cuprates.

(a) (b)

Fig. 5 75×75 nm2 STS images of vortex lattices in two HTS cuprates. (a) a slightly disordered
oblique lattice in Y-123 [14]. (b) a disordered vortex distribution in Bi-2212 [54]. Both images were
acquired at T = 4.2 K and H = 6 T. The contrast is defined by the conductance measured at the
gap energy (20 meV for Y-123 and 30 meV for Bi-2212) normalized by the zero-bias conductance.

4.2.1 Y-123

Y-123 was the first HTS whose vortex lattice could be investigated by STS on as-
grown surfaces [14]. Since then the STS observation of flux lines in Y-123 was
reported either on as-grown surfaces [55], or on chemically etched surfaces [56].
Fig. 5a shows an image acquired at a field of 6 T in optimally-doped Y-123
(Tc = 92 K). The slightly disordered lattice shows a local oblique symmetry, with an
opening angle of about 77◦. Vortex cores reveal an apparent radius of about 5 nm,
elliptical in shape with an axis ratio of about 1.5. This asymmetry was attributed to
the ab-plane anisotropy of Y-123, the anisotropy factor being in agreement with the
one derived from penetration depth measurements in Y-123 [57] or neutron scat-
tering experiments [58]. Interestingly, it was found that the observed lattice can be
interpreted as a square lattice distorted by an anisotropy factor of ∼ 1.3, close to
the value found for the intrinsic distortion of the cores [59]. All these results are in
agreement with the theoretical expectations made for superconductors with d-wave
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pairing symmetry [60,61]. The disorder observed in the vortex lattice underlines the
influence of strong pinning in compounds with small coherence lengths. The influ-
ence of twin boundaries on pinning in Y-123 single crystals has been investigated
by STS, revealing that they act as very efficient barriers that block the movements
of the flux lines perpendicular to the twin plane [62]. The gradients of the magnetic
field could be directly measured from the flux line distribution, and allowed the
authors to estimate a current density close to the depairing current limit for Y-123
(∼ 3×108 A/cm2 at 4.2K).

4.2.2 Bi-2212

In Bi-2212, at fields at which STS measurements are performed, vortices imaged by
STS are distributed in a totally disordered manner (Fig. 5b). This can be understood
since Bi-2212, unlike Y-123, has a nearly two-dimensional electronic structure and
vortices are therefore constituted by a stack of 2D elements (pancakes), weakly cou-
pled between adjacent layers, and easily pinned by any kind of inhomogeneity. The
observed disordered lattice fits into the commonly accepted vortex phase diagram
for Bi-2212, where the low-temperature high-field region is associated with a dis-
ordered vortex solid. In the STS image of Fig. 5b, the average density matches the
applied magnetic field of 6 T. At very low fields an ordered Bragg glass phase is
present, that is difficult to probe with STS because of the large inter-vortex dis-
tances. At 8 T, however, a short-range ordered phase was observed in Bi-2212 [63],
presenting a nearly square symmetry almost aligned with the crystallographic ab
directions. The cores in Bi-2212 are tiny, consistent with a coherence length of the
order of a few atomic unit cells. The vortices often present very irregular shapes,
and are in some cases even split into several subcomponents [64].

In calculations made for d-wave BCS superconductors, the anisotropic order pa-
rameter leads to a fourfold anisotropy of the low-energy LDOS around vortices [65].
Such a characteristic fourfold signature should be visible in the conductance maps,
but has up to now never been firmly reported in the STS studies of HTS, remaining
a considerable challenge for future experiments.

4.3 Electronic structure of the cores

4.3.1 BCS superconductors

The existence of electronic states bound to the vortex at energies below the su-
perconducting gap, as predicted by Caroli, de Gennes and Matricon in 1964 [66],
was beautifully confirmed in STS experiments in pure NbSe2 single crystals at
T = 1.85 K [4]. In theory, these bound states form a discrete spectrum with a typ-
ical inter-level spacing ∆ 2/EF. For most superconductors, this spacing is so small
that the detection of individual bound states is hampered by the finite temperature
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and by impurity scattering. In low temperature measurements of NbSe2, the center
of the flux line reveals the expected broad conductance peak located around zero
energy [4, 45], as shown in Fig. 6a. The progressive splitting of the zero-bias peak
(ZBP) at a distance r from the center, corresponding to bound states with increasing
angular momenta, provided another verification of the BCS predictions for vortex
cores in s-wave superconductors [67]. In dirty superconductors, when the quasipar-
ticle mean free path becomes shorter than the coherence length, quasiparticle scat-
tering mixes states with different angular momenta, and the ZBP transforms into a
quasi-normal (flat) DOS spectrum. This effect was observed by STS in Ta-doped
NbSe2 [42]. In LuNi2B2C, a nearly constant tunneling conductance was initially re-
ported in the vortex-core spectra [53], and the expected ZBP could be observed more
recently only in very pure samples of YNi2B2C [68]. Examples of cores revealing
a flat conductance are shown Fig. 6b for the β -pyrochlore KOs2O6 and Fig. 6c for
the two-band superconductor MgB2. The absence of a ZBP in MgB2 is surprising,
since the mean free path in this compound is believed to be much larger than the
superconducting coherence length. This observation was attributed to the two-band
superconductivity behavior, and the fact that the π-band is predominantly probed in
c-axis tunneling. Since this band becomes superconducting through coupling with
the σ -band, the presence of a flux line is suppressing the superconducting character
of the σ -band, pushing the π-band into the metallic regime, with an energy inde-
pendent DOS [48].

-6 -4 0 2 4 6-2

dI
/d

V

V  (mV)
-2 -1 0 1 2

0

1

N
or

m
al

iz
ed

 C
on

du
ct

an
ce

Voltage (mV)

(a) (b) (c)

Fig. 6 Core spectroscopy in conventional superconductors. (a) Conductance spectra acquired in
NbSe2 at T = 0.1 K, H = 0.05 T along a 60 nm path from the center to the outside of a vortex core
(shown in the insert) [45]. Examples of vortices revealing a flat conductance in their cores: (b) in
the β -pyrochlore KOs2O6 (T = 2 K and H = 6 T) along a 45 nm path crossing two vortices [47],
and (c) in MgB2 (T = 2 K and H = 0.2 T) along a 250 nm trace crossing a single vortex [48].

4.3.2 High-temperature superconductors

Y-123 and Bi-based cuprates

Measurements on optimally-doped Y-123 single crystals [14] revealed for the first
time the electronic signature of the vortex cores of a HTS. In contrast to the case of
conventional superconductors, the core spectra in Y-123 show neither a broad zero-
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bias feature, nor a flat conductance. Instead, when entering the core, the coherence
peaks located at±20 meV progressively disappear (Fig. 7a) and a pair of low-energy
peaks emerges above the conductance background (Fig. 7b).

The observation of isolated core states at finite energy in Y-123 appeared contra-
dictory in various respects. On one hand, attempts to interpret the observed bound
states like classical BCS s-wave localized states failed for two reasons: first, it would
imply an unusually small Fermi energy (EF ∼ 36 meV); second, there is a complete
absence of energy dispersion at different positions within the core (Fig. 7a). On
the other hand, this observation does not fit with the d-wave character of the cuprate
compounds, where the presence of nodes in the order parameter changes the proper-
ties of the low-energy excitations. It was shown that the vortex-core energy spectrum
is continuous rather than discrete, and that the LDOS at the center of the core should
show a broad peak at zero energy [65, 69].

Vortex-core spectroscopy in Bi-2212 provided new insights into the debate con-
cerning the origin of the pseudogap, starting with the STS measurements on both
underdoped and overdoped Bi-2212 single crystals [39]. The evolution of the spec-
tra across a vortex core in overdoped Bi-2212 is shown in Fig. 7c. Upon entering
the core, the spectra evolve in the same way as if the temperature is raised above Tc,
i.e., the coherence peak at negative energy vanishes over a very small distance, the
coherence peak at positive energy is reduced and shifts to slightly higher energies,
and the dip-hump feature disappears.

While the first investigations of the vortex cores in Bi-2212 focused on pseudo-
gap aspects, detailed analysis performed subsequently showed that weak low-energy
structures were also present in the vortex core spectra [12, 72]. Contrary to Y-123,
where the peaks clearly emerge in the core center (Fig. 7b), the core states appear in
Bi-2212 as weak peaks in an overall pseudogap-like spectrum (Fig. 7d). For slightly
overdoped Bi-2212, the energy of these states is of the order of ±6 meV. The low-
energy core states observed in both Y-123 and Bi-2212 raise important questions. A
correlation was found between the core-state energy and ∆p for both Y-123 (opti-
mal doping) and Bi-2212 (various dopings), strongly suggesting that the core states
in the two compounds have a common origin. Moreover, since this correlation is
linear (with a slope of about 0.3), the interpretation of these bound states as Caroli-
de Gennes-Matricon states of an s-wave superconductor with a large gap to Fermi
energy ratio can be ruled out, as one would expect a ∆ 2

p dependence.
The qualitative difference between the vortex-core spectra measured by STM

in HTS and the spectra expected for a d-wave BCS superconductor [65, 69, 73] is
thought to reflect an intrinsic property of the superconducting ground state, which
distinguishes between this state and a pure BCS ground state, and is presumably re-
lated to the anomalous normal (pseudogap) phase. It was shown [65] that the admix-
ture of a small magnetic-field induced complex component with dxy symmetry [74]
leads to a splitting of the zero-bias conductance peak due to the suppression of the
d-wave gap nodes. A good qualitative agreement with the experimental spectra was
also obtained by using a model where short-range incoherent pair correlations coex-
ist with long-range superconductivity in the vortex state [75]. This model correctly
reproduced the measured exponential decay of the LDOS at the energy of the core
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Fig. 7 Vortex-core spectroscopy in Y-123 and Bi-2212. (a) STS spectra taken along a 16.7 nm path
into a vortex core in Y-123 (T = 4.2 K, H = 6 T). From [39]. (b) Conductance spectra acquired
at the center (red) and at about 20 nm from the center of the vortex core (dashed blue). The low-
energy core states are located at about ±5.5 meV. Adapted from [14]. (c) Conductance spectra
taken along a 12 nm path across a vortex core in overdoped Bi-2212 (Tc = 77 K) at T = 2.6 K and
H = 6 T [70]. (d) Spectra taken close to the core center with two peaks at ±6 meV corresponding
to a pair of core states (red) and outside the vortex core (blue). Adapted from [71].

states [12], as well as the increase of the core-state energy with increasing gap ∆p.
However, there is still no consensus about the microscopic origin of the finite energy
core states detected with STS in HTS cuprates.

5 Local electronic modulations seen by STM

The role of inhomogeneities in HTS has stirred up considerable interest during the
last decade. The key question is to what extent these inhomogeneities are an in-
trinsic phenomenon at the core of high temperature superconductivity, as suggested
by models considering electronic phase separation [76]. This is in contrast to an
extrinsic origin of the spectral inhomogeneities, a phenomenon unrelated to HTS,
resulting from stoichiometric inhomogeneities such as the distribution of atoms and
dopants. Recent STS studies have been focusing on the local DOS variations in
these materials, exploiting both the spatial and energy resolution of the technique.
Although the question is not definitively settled, there is more and more experimen-
tal evidence for the extrinsic scenario. Two types of spatial DOS inhomogeneities
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emerge from these spectroscopic studies: (i) the spatial inhomogeneity of the su-
perconducting gap amplitude, and (ii) the spatial inhomogeneity of the low-energy
DOS. All studies presented here have been performed in single crystals of Bi-based
compounds.

5.1 Local modulations of the superconducting gap

Inhomogeneous superconductivity in Bi-2212 was reported in a number of early
STM measurements [16, 40, 77–79]. The first hints suggesting that inhomogeneous
superconductivity is not essential for a high Tc came from the observation that the
spread in gap magnitude (see Fig. 8b as an example) measured on different surface
locations and the average gap value are not correlated [80]. It was then demon-
strated that spatial gap inhomogeneities were intimately associated with a broad su-
perconducting transition [27], as measured by ac-susceptibility on the same samples.
Conversely, single crystals with narrow superconducting transitions (∆Tc < 0.5 K)
yield very homogeneous tunneling spectroscopy. This correlation between a wide
gap distribution and the ac-susceptibility transition width was also observed in Bi-
2223 [81]. These measurements strongly suggest that inhomogeneities are most
likely due to inhomogeneous oxygen distribution. This assumption was confirmed in
a study combining high-resolution topographic and spectroscopic STM maps where
a direct correlation between the gap and oxygen impurity distributions in real space
was established [82].

5 nm

70
meV

35
meV5 nm

a b
as

Fig. 8 Modulation of the superconducting gap in nearly optimally-doped Bi-2223. (a) Topo-
graphic image of a 17×17 nm2 region and (b) simultaneously measured local gap map. The white
line is a spatial reference, and as is the superstructure unit vector.

The relationship between inhomogeneities and structural [83] or dopant atom-
[82, 84] disorder was another point of interest. It has been shown that Pb substitu-
tion and disorder in the Sr and Ca layers have no effect on the gap inhomogene-
ity [79]. The naturally present bulk modulation of atomic positions in Bi-based
cuprates [85, 86], the so-called superstructure seen in Fig. 8a as a one-dimensional
surface corrugation, offers another interesting way to study this problem by scanning
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tunneling microscopy. In a recent study on Bi-2223 single crystals, the influence of
the superstructure on the local DOS was analyzed [29]. As shown in Fig. 8b, it was
observed that the gap magnitude is periodically modulated on a lengthscale of about
5 crystal unit-cells, following the superstructure modulation. As seen in the figure,
the gap is the largest at the maxima of the surface corrugation. A similar observation
had been reported in Bi-2212 [83].
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Fig. 9 Modulation of the collective-mode energy (CME) in Bi-2223. Spatial modulation of the
CME in nearly optimally-doped Bi-2223. (a) Topographic image of a 30× 15 nm2 region. Inset:
Fourier transform of the topography depicting the two peaks at the wave-vectors of the superstruc-
ture ±2π/as. (b) Simultaneously acquired CME map. Inset: Fourier transform of the CME map
displaying the same region in reciprocal space as in (a). (c) Dependence of the CME (green line)
and gap (blue line) on the distance to the minima of the superstructure (ϕ = 2nπ). The gap and the
CME are locally anti-correlated. From [29].

Based on the analysis of the dip-hump structure described in Sec. 3, the local
collective mode energy (CME) was extracted at each position of measurement and
mapped (Fig. 9b). As seen in the map, the CME displays a modulation that also
follows the superstructure shown in Fig. 9a. The CME and the gap are locally anti-
correlated (Fig. 9c), in agreement with previous STS investigations performed on
samples with different doping levels, and with neutron scattering experiments in un-
derdoped cuprates [26,30]. These findings support that the collective mode is related
to superconductivity, and is most likely the anti-ferromagnetic spin resonance de-
tected by neutron scattering. These results are in agreement with the spin-fluctuation
scenario [87] that predicts the existence of a (π,π) resonance as a consequence of
the feedback of pairing on the spin fluctuations [88]. Moreover these findings chal-
lenge the theories that do not account for the very short length-scale modulation
(4–5 crystal unit cells) and the local anti-correlation of the gap and the CME, like
the ones based on phonon-mediated pairing for high temperature superconductivity.
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5.2 Local modulations of the DOS

5.2.1 Modulations in the superconducting and pseudogapped regimes

The detection of electronic modulations in the superconducting state is complicated
due to the strong tendency of these materials to show inhomogeneities masking the
weak periodic modulations. In order to overcome this difficulty, large maps of the
conductance at a given energy must be acquired. Such modulations were first ob-
served in a magnetic field around the center of vortices, where the LDOS showed a
periodicity of about 4a0 [89]. Subsequently, a similar structure also appeared in the
absence of field, at an energy close to 25 meV, and did not disperse with energy [90].
In parallel, zero-field electronic modulations with a period varying with energy were
also found in Fourier-transformed maps [91]. These structures and their characteris-
tic dispersion trends were convincingly interpreted as modulations due to quasiparti-
cle interference of a d-wave superconductor, resulting from scattering on impurities
and other imperfections [91–94]. The fact that the intensity of such charge modula-
tions must depend on the amount of scattering centers in the sample explain why in
some cases the modulations are not observed [71]. A more detailed analysis of these
results allowed to calculate the locus (kx, ky) of the Fermi surface [94]. The striking
correspondence with ARPES measurements reinforces the interpretation that these
LDOS oscillations result from quasiparticle interference. Thus, although STM on
homogeneous samples does not have k-space resolution, this can be obtained when
scattering centers are present, producing quasiparticle interference.

Electronic modulations are also detected in the pseudogap state. In an experiment
on a slightly underdoped sample, conductance maps acquired at temperatures above
Tc revealed a square superstructure with q-values equal to 2π/4.7a0 [95]. The inten-
sity of these peaks is energy dependent and they are best seen at low energy around
and below 20 meV, but the positions of these spots in q-space do not vary with en-
ergy. The most striking observation was made by studying underdoped samples at
low temperature [96]. These samples showed strong inhomogeneity in the gap dis-
tribution, with large regions exhibiting pseudogap-like spectra. At low energy the
dispersing quasiparticle interference patterns were found. However, at higher en-
ergy (above 65 meV), the maps revealed a non-dispersing square pattern similar to
the one seen in the pseudogap state [95]. This observation suggests that the super-
conducting coherence is lost at high energy, i.e. for states around (π, 0), but is still
present at low energy, i.e. around (π

2 ,
π

2 ). In this sense the sample is partly in the
superconducting state and partly in a pseudogap state, the non-dispersive 4a0×4a0
pattern being seen in addition to the dispersive quantum interference pattern.

The study of the pseudogap state in strongly underdoped Ca1−xNaxCuO2Cl2
crystals revealed a dominant 4a0 × 4a0 superstructure similar to the one seen at
high temperature in the pseudogap state in Bi-2212 [97]. The characteristic peri-
ods are energy independent, and do not vary with doping. Additional periodicities
at 4

3 a0 were also found, revealing a non commensurate electronic modulation and
thus a more complex structure than observed in Bi-2212 [95]. More recently, de-
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tailed analysis revealed stripe-like patterns in the conductance maps of Bi-based
cuprates [98].

These tunneling spectroscopy observations agree well with the picture provided
by ARPES experiments, which revealed that the antinodal points near (π,0) are
associated with an incoherent pairing (pseudogap), while the nodal regions near
(π

2 ,
π

2 ) are associated with coherent pairing and a true superconducting gap [99].

5.2.2 Modulations in the vortex cores

Since it has been found that the vortex cores possess pseudogap-like spectra, one
might expect that the spatially ordered structure found around the vortex cores [89]
and the one observed in the pseudogap state [95] have the same origin. To check this
assumption, a detailed analysis of the behavior of the DOS modulation inside a vor-
tex was performed [71]. Two questions motivated these investigations: (i) How does
the square pattern observed in the vortex cores relate to the square pattern observed
in the pseudogap state above Tc? (ii) How does this square pattern in the vortex core
relate to the localized state seen in the cores of HTS cuprates? Imaging an isolated
vortex at 25 meV reveals the irregular core typical for Bi-2212 (Fig. 10a). If the
same area is imaged at 6 meV, the energy of the core state in slightly overdoped
Bi-2212, a DOS modulation following a square pattern oriented in the Cu-O bond
direction is seen (Fig. 10b). The Fourier transform of this pattern shows, in addi-
tion to the atomic lattice, four spots with a period close to 4a0 (inset: q1 spots). The
position of the q1 spots is found to be independent of energy, exactly as observed
in the pseudogap phase. The period in this overdoped sample was (4.3± 0.3)a0,
somewhat less than observed in the underdoped sample [95]. This difference could
be due either to a difference in doping or to the difference in temperature. Note that
in the (π, 0) direction an additional 4

3 a0 modulation was found, similar to the one
reported in Ca1−xNaxCuO2Cl2 [97].

The relation to the localized states was also studied. It was demonstrated that
the intensity of the peaks corresponding to these states is maximal at the four spots
reflecting the local order, whereas in between and outside these four spots the peaks
at ±0.3∆p are absent (Fig. 10c). Since the spatial dependence of the peaks (no dis-
persion with position) suggests that these two peaks reflect a single pair of local-
ized states (see Sec. 4.3), the four spot pattern in the center of the vortex may be
understood as a plot of the wave function of the localized state. Note that this pat-
tern is very different from what one would obtain for a classical s-wave localized
state [66]. The link established between the localized state structure observed in
the vortex core spectra [12, 14, 72] and the local square modulation in the vortices
raises the question about the precise relation between this structure and the pseu-
dogap. Whereas the modulations in the superconducting state can be understood in
terms of quasiparticle interference, the simple square pattern observed in the pseu-
dogapped regime may turn out to be a characteristic signature of order in this phase.
Moreover, the question whether the localized state itself is a characteristics of the
pseudogap remains open. So far no signature of such a state at ∼ 0.3∆p has been
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(a) (b) (c)

Fig. 10 Modulation of the LDOS inside a vortex core of Bi-2212. (a) 8.7×8.7 nm2 conductance
map at V =−25 mV. The inset shows the simultaneously acquired topography at the same scale as
the underlying conductance map. (b) Conductance map at +6 mV in the same area as (a) revealing
a square pattern around the vortex center. Inset: central part of the Fourier transform of the con-
ductance map. (c) Spectra averaged in the 7 circles shown in (b). The curves are offset for clarity.
Adapted from [71].

observed above Tc, but such a structure would be certainly difficult to probe due to
thermal smearing. The challenge remains to determine whether or not such a state
exists in the zero-field pseudogap regime.

5.3 Summary

The amount of valuable information provided by scanning tunneling spectroscopy
has undoubtedly greatly improved our knowledge of high temperature supercon-
ductivity. Although some of the questions remain unsolved, like the issue of the
fundamental microscopic pairing mechanism, STS has shed light on many funda-
mental aspects of this complex phenomenon. Growing evidence provided by STS is
that in cuprates, inhomogeneities stem from extrinsic stoichiometric disorder rather
than intrinsic electronic phase separation. More importantly, the experiments reveal
that an inhomogeneous gap distribution is not a prerequisite to the occurrence of
high temperature superconductivity, since there is no correlation between such a
distribution and the value of Tc.

The link between the pseudogap and the superconducting state is provided by
both the scaling between the superconducting gap and the pseudogap magnitudes,
and by the mean-field relation established between ∆ and T ∗. According to these
observations, the STS measurements in Bi-based cuprates suggest that the pseudo-
gap is the precursor of the superconducting gap, and hence that the mechanisms
leading to the formation of both gaps are the same. A step towards the identifica-
tion of this pairing mechanism came from the possibility to de-convolve the cou-
pling with the (π,π) resonance mode from the tunneling spectra, and to uncover an
intimate relation between spin fluctuations and superconductivity. Both the depen-
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dence of the local mode energy with the superconducting gap and the ultra-short
length-scales over which the coupling with these bosonic modes takes place favor
the spin-mediated pairing scenario.

Finally the complex interplay between the antinodal incoherent pairing (pseudo-
gap) and the nodal coherent pairing (superconducting gap) is accessed through the
local modulation of the quasiparticle excitations, providing k-space resolution to
the STM. In addition, tunneling spectroscopy was able to firmly establish the direct
link between the pseudogap regime and the vortex state, revealing that both regimes
yield similar tunneling characteristics and exhibit the same ∼ 4a0× 4a0 pattern in
the conductance maps.

With its unrivaled spatial and energy resolution, STM is complementary to other
techniques like optical spectroscopy and ARPES. Forthcoming years will see this
tool continuing to shine light on the key questions concerning high temperature
superconductivity in cuprates, and probably very soon in iron-based pnictides or
other promising materials still to be discovered.
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