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In conventional superconductors, the superconducting gap in the
electronic excitation spectrum prevents scattering of low-energy
electrons. In high-temperature superconductors (HTSs), an extra
gap, the pseudogap', develops well above the superconducting
transition temperature T.. Here, we present a new avenue of
investigating the pseudogap state, using scanning tunnelling
microscopy (STM) of resonances generated by single-atom
scatterers. Previous studies on the superconducting state of
HTSs? have led to a fairly consistent picture in which potential
scatterers, such as Zn, strongly suppress superconductivity in
an atomic-scale region, while generating low-energy excitations
with a spatial distribution—as imaged by STM**—indicative of
the d-wave nature of the superconducting gap. Surprisingly, we
find that similar native impurity resonances coexist spatially
with the superconducting gap at low temperatures and survive
virtually unchanged on warming through T¢. These findings
demonstrate that properties of impurity resonances in HTSs are
not determined by the nature of the superconducting state, as
previously suggested, but instead provide new insights into the
pseudogap state.

In d-wave superconductors, such as the high-temperature
superconductors (HTSs), impurities act as pair breakers, giving
rise to virtual bound states, or resonances, within the gap. For
strong scatterers, these resonances lie close to the Fermi energy,
and significantly modify bulk superconducting properties®®. The
local (atomic scale) effects of these resonances have been studied
by several probes, such as nuclear magnetic resonance’"' (NMR)
and muon spin relaxation (WSR)'?. A variety of scanning tunnelling
microscopy (STM) studies of impurity resonances in HTSs
have been reported, including studies of native (unidentified)
impurities'!, intentionally doped Zn and Ni impurities** and
intentionally placed surface impurities’. All of these STM studies
demonstrated that impurity resonances are associated with an
enhanced local density of states inside the gap, close to the
Fermi energy. All of these studies were also carried out on
Bi,Sr,CaCu, Oy, (Bi-2212) near 4 K, significantly below T.

Here, we report on temperature-dependent STM studies of
native impurities in overdoped (T = 15K) Bi,_,Pb,Sr,CuO.
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(Bi-2201). In addition to enabling comparison to previous studies
in Bi-2212, Bi-2201 has the benefit of having a relatively low T,
thus enabling us to study impurity resonances below and above T
without the resonance being obscured by thermal broadening.

To carry out the temperature-dependent measurements
discussed here we have constructed an ultrahigh-vacuum STM with
the ability to track atomically resolved regions—here surrounding
individual impurities—over a wide range of temperatures. We
begin our study at low temperatures, using an experimental
methodology similar to that used in previous STM impurity
studies™*. We search for impurity resonances by recording a spectral
survey, in which differential conductance spectra (proportional to
the local density of states) are recorded on a dense grid over a
specified spatial region. In a spectral survey, impurity states are
easily identified by their enhanced low-energy density of states.

After locating an impurity resonance, we zoom in and
take a high spatial and energy resolution spectral survey to
pinpoint the impurity’s location, spectral shape and peak resonance
energy. A high-resolution topograph and simultaneously acquired
low-energy slice G(r,E = —2meV) from such a survey are
shown in Fig. 1. Spectral weight associated with the resonance
appears predominantly at the locations of the centre and next-
nearest-neighbour Bi atoms, which sit above Cu atoms in the
superconducting CuO, plane ~5 A below (Fig. 1c).

After identifying the centre and shape of the impurity, we place
the tip at specific locations and take energy-dependent differential
conductance spectra. Figure 2 shows examples of such spectra taken
at the resonance centre, as well as over nearest-neighbour and next-
nearest-neighbour atoms. Spectra taken immediately outside the
resonance show a typical gap structure, here of width A =11 meV.
The edge of this gap may also be seen as small peaks in the
central and next-nearest-neighbour spectra. The most obvious
feature in these spectra, however, is a low-energy peak (centred
at {2 = —2.75meV). It is this peak’s spatial dependence that
is mapped in Fig. 1. In most theoretical treatments of impurity
resonances, the energy of this main peak is determined by the
strength of the potential scatterer’. Following Salkola et al.'®, as
has been done in previous analyses of STM results, and considering
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Figure 1 Topographic image and spectral map layer around the impurity resonance. a, 30 A square topographic image (Veampe = —100 meV, /=400 pA, T=5.2K)
showing a BiO plane where the Bi- and the Pb-substituted atoms (brighter) are visible. Pb atoms have no observed associated spectroscopic signatures. b, Simultaneously
acquired differential conductance map corresponding to Vsamye = —2 meV. The location of the bright centre of the impurity resonance is marked by the red X’ on an
otherwise indistinguishable Bi atom in the topography of a. As Cu atoms in the CuQ, plane reside directly below the observed atoms, this is consistent with the native
impurity being either a Cu vacancy or some element replacing Cu in the Cu0, plane. ¢, Schematic representation of the CuO, layer underneath the BiO layer. Blue filled circles
represent Cu atoms and pink open circles represent 0 atoms. The impurity centre is shown surrounded by the thickest green circle. The nearest-neighbour (NN) Cu atoms
correspond to dark regions in the conductance map. Next-nearest-neighbour (2NN) Cu atoms have the second strongest signal in the conductance map.

that the resonance is in a local gap of width A =11 meV, we find
that such a peak results from potential scattering with phase shift
8o = 0.4 for the resonances reported here, compared with 0.48x
for Zn (ref. 4) and ‘vacancies’ (unidentified native scatterers)'* and
0.367 for Ni (ref. 3). In the unitary (strongest scattering) limit, the
phase shift would be 7t /2. Thus, in this picture, these resonances are
generated by strong, although not unitary, potential scattering.

Although the low-temperature behaviour of these resonances
is very similar to those of Zn and vacancies in Bi-2212, our
temperature-dependent measurements yield surprising results: we
find few significant changes in the impurity resonance as we
warm through T into the pseudogap state. Figure 3 shows the
temperature dependence of spectra from the resonance centre.
Opverlaying the data is the 5.2 K spectrum, thermally broadened to
the appropriate temperatures (red lines). Thermal broadening is a
purely mathematical procedure—convolution with the derivative
of the Fermi function—that accounts for the decreased energy
resolution of the STM at higher temperatures. Nearly all features
of the higher-temperature data are well matched by the thermally
broadened low-temperature data. This indicates that the resonance
is not appreciably affected by temperature, and, in particular,
not affected by the transition from the superconducting to the
pseudogap state. Similarly, temperature-dependent conductance
maps (Fig. 3b—d) taken at the same location as Fig. 1 show a lack
of significant spatial change with warming.

From this temperature independence, we conclude that,
contrary to previous assumptions, the spatial and energetic
distribution of the impurity resonance is determined not by the
superconducting gap but rather by the pseudogap. Although this
interpretation differs from that of previous low-temperature STM
results™, it is consistent with recent experimental and theoretical
work. Experimentally, a number of recent results suggest that
the pseudogap not only exists above T but also coexists with
the superconducting gap below T¢ (refs 17-20). Furthermore,
NMR measurements have shown that the effects of a staggered
paramagnetic polarization induced by Zn in YBa,Cu;0; persist
with little temperature dependence from above to below T
(refs 9,21). Ellipsometry experiments have also demonstrated that
impurities interact strongly with the pseudogap®?, with Zn giving
rise to a gradual and inhomogeneous pseudogap suppression,
whereas Ni strongly enhances the pseudogap. Both the authors
of that work and others® have interpreted this as evidence of
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Figure 2 Tunnelling spectra taken at 5.2 K at different locations within the field
of view shown in Fig. 1. The spectrum at the impurity centre (top curve) has a
sharp resonance peak at 2 = —2.75meV. The second peak at symmetric bias
(2% = —2 =2.75meV) is the ‘satellite’ peak and is probably due to the
particle—hole symmetry of Bogoliubov quasiparticles. The spectra on
next-nearest-neighbour Cu atoms are similar to those from the centre, with a
reduction of the main peak amplitude. The spectra on nearest-neighbour Cu atoms
indicate the presence of a gap instead of the impurity peaks found on adjacent
atoms. A typical spectrum far from the impurity site is shown in the bottom plot. All
spectra in this figure and in subsequent ones are taken with the same settings
(Veample = —100 meV, /=400 pA, Vina,r.ms. = 780 ueV) and are vertically offset
for clarity.

the importance of magnetic correlations in the pseudogap state.
Tallon et al. have also stressed the importance of the pseudogap in
interpreting the effects of impurities*?*.

Theoretically, several studies have discussed the possibility of
impurity resonances in the pseudogap state. Kruis et al?, for
example, argue that neither phase coherence nor a particular gap
shape is needed to generate a resonance peak near the Fermi
energy. Instead, any depletion of the density of states at the Fermi
energy is sufficient to produce resonance-like bound states near
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Figure 3 Temperature dependence of the impurity resonance through T;.

a, Evolution of spectra taken at the impurity centre, starting from 5.2 K (of Fig. 2).
For curves at higher temperatures, the experimental data (black circles) are overlaid
with red lines, representing the 5.2 K spectrum thermally broadened to the
respective temperatures. Even for temperatures above T, = 15K, the match is
remarkable. b—d, The Viamye = —2 meV conductance maps of the same impurity
pictured in Fig. 1b (at 5.2 K), tracked as temperature is increased to 11K (b), 17K (c)
and 22K (d).

a non-magnetic impurity®. Others have independently arrived at
a similar conclusion” . Several of these studies’** even suggest
the use of impurity resonances to learn about the nature of the
pseudogap, in particular by differentiating between two different
pseudogap scenarios—the ‘phase fluctuation’ and the ‘normal-state
ordering’ scenario. Although both of these are rather general labels
that encompass a variety of different theories, roughly speaking,
in the former, the pseudogap state arises with warming as the
superconducting state is destroyed by phase fluctuations, whereas
in the latter, the pseudogap is one of a number of competing orders,
prototypically d-density wave order®.

Experimentally distinguishing between these two classes of
pseudogap has proved difficult, but impurity studies may provide
new insights. Wang et al?® focus on the behaviour of the
main impurity peak, which they argue would be abruptly
broadened slightly above the transition temperature in ‘phase
fluctuation scenarios, whereas in normal-state ordering scenarios,
the impurity peak should remain sharp aside from thermal
broadening. Following this result, our data, showing no significant
temperature dependence above T, point towards a normal-state
ordering scenario.
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Figure 4 Temperature dependence of off-centre spectra through 7. a, Similar to
spectra from the impurity centre (Fig. 3a), spectra from next-nearest-neighbour
regions (black circles) show low-energy resonance peaks that are well matched by
thermally broadened low-temperature data (red lines). b, In contrast, spectra from
the nearest-neighbour Cu atoms (black circles) show instead a gap that is not well
matched by the thermally broadened 5.2 K spectrum (red lines) above T, = 15K.

¢, The normalized 5.2 K spectrum of b (7y = 22K) (blue) reveals a small gap not
found in the normalized 17 K spectrum (red), consistent with this gap being the
superconducting gap.

Kruis et al* instead focus on the ‘satellite peak’, a feature

observable in the central and next-nearest-neighbour spectra of
Fig. 2 opposite the main peak ({25 = — {2 =2.75 meV). This peak
has been interpreted as arising from particle-hole symmetry of
Bogoliubov quasiparticles in a superconductor®*, in which case its
existence should be interpreted as a marker for the local presence
of superconductivity. Thus, this peak should exist above T in the
presence of phase fluctuations but not in the case of some other
order. Unfortunately this is a difficult test, as thermal broadening
quickly causes the satellite to merge with the central peak and we
cannot from our data distinguish between the disappearance or
simple broadening of the satellite. Further experimental studies on
weaker impurities that generate higher-energy states, such as Ni,
should enable investigation of this proposal.

The clear presence of a satellite peak below T does however
point towards the coexistence of superconductivity and the
impurity resonance, as was previously observed near Ni atoms’.
Another marker for superconductivity can be observed in the
spectra (Figs 2, 4b) taken over the nearest-neighbour atoms (the
intermediate dark regions in Fig. 1b). Here, a notable difference
exists between spectra taken below T (at 5.2K) and those
taken above (at 17K and 22K) not captured by simple thermal
broadening (Fig. 4b). To clarify the nature of this change, we
divide the lower-temperature spectra by those taken at exactly
the same location at a normalization temperature Ty above
Tc (here Ty = 22K). What remains (Fig. 4c, blue) is a small
gap with half peak-to-peak separation A = 5.5meV, slightly
smaller than the average A = 6.7 £ 1.6 meV we recently reported
from similarly normalized spectra taken away from impurities in
indistinguishable samples'. In that work, we interpreted this gap,
which is homogeneous and vanishes at T, as the superconducting
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gap. Its existence here in the heart of the impurity resonance (on
the nearest-neighbour atoms) is consistent with the observation
of the satellite peak on the centre and next-nearest-neighbour
atoms, and indicative of the coexistence of superconductivity and
the resonance. That both the asymmetry of the main and satellite
peaks and the reduction of the gap size A are consistent with a
suppression of superconductivity is fascinating.

These results thus point towards an interesting interplay
of the pseudogap and superconductivity in determining the
nature of impurity resonances in HTSs. The energetic and
spatial distributions of the main resonance seem to be set
by the pseudogap, as they show no appreciable temperature
dependence (except thermal broadening). On the other hand,
the appearance and strength of the satellite peak and the
size of the superconducting gap in the non-peaked (nearest-
neighbour) regions may be indicative of what remains of the
superconducting state in the vicinity of the impurity. Continued
research, particularly in samples intentionally doped with Zn or Ni,
may further disentangle these effects and thus realize the potential
of impurity studies to probe the nature of both superconductivity
and the pseudogap in these complex materials.

METHODS

Our measurements are made using mechanically cut Pt-Ir (80%-20%) tips that
are cleaned and sharpened through high-voltage (800 V) field emission on Au in
ultrahigh vacuum at low temperatures. Before proceeding to measurements on
a sample, we tunnel into Au to verify that the tip has a good work function and
a flat density of states between at least 100 mV, an energy range larger than
what is of interest for this study. Samples are cleaved in ultrahigh vacuum and
at both high and low temperatures resulting in no noticeable topographic or
spectroscopic differences with cleave temperature. Although we have observed
similar impurity states using multiple samples and tips, for consistency of
temperature dependent results, all scattering resonance data shown here are
taken from a single impurity region.
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