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High-temperature (high-T)) superconductivity in cuprates
arises from carrier doping of an antiferromagnetic Mott insula-
tor. This carrier doping leads to the formation of electronic lig-
uid-crystal phases'. The insulating charge-stripe crystal phase
is predicted to form when a small density of holes is doped
into the charge-transfer insulator state'-, but this phase is yet
to be observed experimentally. Here, we use surface anneal-
ing to extend the accessible doping range in Bi-based cuprates
and realize the lightly doped charge-transfer insulating state
of the cuprate Bi,Sr,CaCu,0Oq,,. In this insulating state with a
charge transfer gap on the order of ~1eV, our spectroscopic
imaging scanning tunnelling microscopy measurements pro-
vide strong evidence for a unidirectional charge-stripe order
with a commensurate 4a, period along the Cu-O-Cu bond.
Notably, this insulating charge-stripe crystal phase develops
before the onset of the pseudogap and formation of the Fermi
surface. Our work provides fresh insight into the microscopic
origin of electronic inhomogeneity in high-T_ cuprates.
Uncovering the quantum electronic states connecting the two
known phases of the cuprate superconductors—the undoped anti-
ferromagnetic Mott (AFM) insulator with a charge transfer gap and
the d-wave superconductor at sufficiently high carrier doping—has
been the central challenge for understanding unconventional super-
conductivity’. The experiments so far have primarily focused on
exploring novel forms of electronic order in the pseudogap phase of
hole-doped cuprates, before and shortly after the onset of supercon-
ductivity. Pioneering scattering studies probing the charge dynamics
in La- and Y-based cuprates discovered a static as well as fluctu-
ating® charge-order phase that is also unidirectional (‘stripe’)*, in
analogy to the electronic liquid-crystal nematic or smectic phases
proposed for frustrated phase separation’. Experiments on Bi- and
Cl-based cuprates also revealed a charge order in the pseudogap
phase'®*, but whether the order originated in the bidirectional
‘chequerboard’’®"” or the disorder-pinned stripes'®'****! remains
debated. Moreover, the link between these charge-ordered states
and the parent charge-transfer insulator state before the onset of the
pseudogap remains poorly understood. A key initial proposal sug-
gested that doping induces an inhomogeneous ground state with a
tendency to form periodic charge and spin stripes even in the lightly
doped AFM phase’, an ordering possibly stabilized by the long-
range Coulomb interaction’. However, direct evidence for such an
insulating stripe crystal phase in the insulating cuprates when the
charge transfer gap is on the order of ~1eV has been challenging to
obtain, in large part due to the difficulty in synthesizing and charac-
terizing bulk insulating cuprates at low temperatures'>**.
Bi,Sr,CaCu,Oy,, (Bi-2212) is a layered cuprate in which the
hole density is controlled by off-stoichiometric (interstitial) oxygen

dopant atoms (Fig. 1a), each expected to contribute approximately
two holes to the bulk. As-grown Bi-2212 single crystals tend to be
optimally doped (hole density p~ 0.16 per unit cell) with supercon-
ducting transition temperature T.~ 91 K. To lower p, these samples
can be subsequently annealed at high temperature in ultrahigh vac-
uum (UHV) to remove a fraction of oxygen dopants from the bulk.
Bulk insulating cuprates have, however, been shown to be difficult
to characterize via tunnelling techniques due to there being insuf-
ficient charge carriers available for tunnelling'***. Here, we circum-
vent this problem by demonstrating that a short cycle of annealing in
UHYV can lead to a significant decrease in the hole density primarily
near the exposed topmost surface, while the bulk remains conduct-
ing (Supplementary Section 1), providing enough charge carriers
for tunnelling experiments. This allows us to use scanning tunnel-
ling microscopy and spectroscopy (STM/S) to study the previously
inaccessible insulating state of Bi-2212 at ~4.5K, in the regime
before the charge transfer gap is closed. We find that when only a
small density of holes is doped into Bi-2212, an insulating charge-
ordered phase arises with commensurate 44, unidirectional charge
density modulations along the Cu-O-Cu bond (where a,~3.8 A
corresponds to the Bi-Bi, or equivalently Cu-Cu, separation).

We started our experiment by characterizing the surface of UHV-
cleaved optimally doped Bi-2212 bulk single crystals (T.~91K)
before any annealing. Consistent with previous reports*?, the dI/
dV spectra (where I is the current and V is the voltage applied to
the sample) exhibit a spatially inhomogeneous spectral gap, with an
average magnitude of A,~43 meV (Fig. 1b). The same sample was
then annealed at ~270°C in UHV (see Methods) and re-inserted
into the STM. Although the STM topograph of the post-annealed
surface looks qualitatively similar (inset in Fig. 1c), the average dI/
dV spectrum is strikingly different (Fig. 1c). It now shows a V-shape
with poorly defined gap-edge peaks (Supplementary Fig. 2), remi-
niscent of that obtained on underdoped Bi-based cuprates with low
but finite T, (ref. *). Interestingly, after annealing the sample at even
higher temperature up to ~380 °C, we detected a large insulating gap
of A;=1.1eV in the dI/dV spectra (Fig. 1d), indicating a transition
into the insulating phase (Fig. 1f).

To quantify this process, we used high-bias imaging to visual-
ize the spatial distributions of known oxygen dopants in Bi-2212—
‘type-A oxygens located near the SrO plane and ‘type-B’ oxygens
positioned closer to the BiO layer”-*. We found that the densi-
ties of both are significantly reduced upon annealing (Fig. le and
Supplementary Section 2). The annealing process also creates a small
number of oxygen vacancies in the SrO layer (Fig. le), which are
commonly found in underdoped bulk Bi-2212%. Based on the con-
centrations of all oxygen defects, we estimated the hole density of the
sample in Fig. 1¢ to be p~0.057 +0.008 (Supplementary Section 2).
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Fig. 1| Surface preparation and electronic characterization. a, Schematic of the top half of the Bi-2212 unit cell. Bi-2212 cleaves between two BiO planes
to expose a BiO surface, as measured by STM. Annealing removes a fraction of the oxygen atoms, thus reducing the hole density. b-d, Average differential
conductance (dl/dV) spectra acquired on the surface before annealing (b), after annealing at ~270 °C (c) and after annealing at ~380 °C (d). The average
spectral gap A,~43meV in b is calculated as one half of the energy difference between the two gap edge peaks. One half of the width of the grey shaded
line at each bias V represents two standard deviations within d//dV(r,V), where ¥ denotes the lateral position on the sample. Insets in b-d are typical STM
topographs. e, Density of different types of O defects as a function of p. CuO, plaguette is defined by ~3.8A square region of each CuO, plane with one Cu
atom located in each corner. f, Schematic of the hole-doped cuprate phase diagram, with the prominent phases labelled as AFM (antiferromagnetic Mott
insulator), SC (superconducting state) and PG (pseudogap). Red circles represent approximate doping levels from b and ¢, estimated by counting type A
interstitial O atoms, type B interstitial O atoms, and O vacancies, which appear as high-conductance, atomic-scale features in di/dV(r,V) maps acquired at
—1.5, =1and +1V, respectively (Supplementary Figs. 4 and 5). The hole density p in d could not be estimated based on the oxygen defect counting (defects
could not be unambiguously identified in dI/dV(r,V) maps). However, based on the insulating spectra observed, we can schematically represent this data

point to be near the AFM transition. STM set-up: V.. =—01V, I, =40pA, V,,.=4mV (zero-to-peak) (b); V. =0.2V, [, =80pA, V,,.=5mV (c);

Vimpe =—2V, |y =20pA, V,.=20mV (d).

Thisisconsistentwiththeaverage V-shapeddl/d Vspectrum (Fig. 1¢)"
and the observed incommensurate charge-ordering wavevectors
Q*=0.28+£0.03 and Q**=0.73+0.04 (we hereafter define recipro-
cal lattice vector 2nt/a,=1) (Supplementary Fig. 2), all of which are
qualitatively similar to those reported in bulk underdoped Bi-2212
with comparable hole density'>*>*.

Previous observations of charge ordering in hole-doped
cuprates'™ have been limited to the approximate doping level
achieved in Fig. 1c, in the pseudogap regime with a finite density
of states at the Fermi level, after the charge transfer gap has been
closed. Now, we turn to characterization of the insulating Bi-2212
surface, which shows a large gap, A, 1.1eV in the average dI/dV
spectrum at ~4.5 K (Fig. 1d and Supplementary Fig. 10), comparable
to that measured on bulk insulating Bi-2212 at ~77K (ref. **). The
gap is asymmetric with respect to the Fermi level and extends from
approximately —0.3eV to 0.8eV. A typical STM topograph of the
insulating sample, which inevitably contains both the electronic and
structural information, clearly shows the individual Bi atoms on the
surface as well as the characteristic supermodulation oriented at a
45° angle with respect to the lattice (Fig. 2a). Remarkably, the topo-
graph also exhibits periodic unidirectional features aligned parallel
to the Cu-O-Cu lattice direction, which have not been observed
before (Fig. 2a). A comparison of reflection high-energy electron
diffraction patterns of the pre- and post-annealed surfaces, which
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we find to be identical, was used to exclude a structural origin of
these modulations (Supplementary Section 3). The spatial extent of
unidirectional stripe domains is typically ~5-8 nm in length, but it
can be as large as a ~10 nm square region in Fig. 2c, spanning >500
unit cells. Their periodic nature can be confirmed by examining dis-
crete two-dimensional Fourier transforms of the entire STM topo-
graph, where two peaks labelled Q*., and Q’, emerge at (0.25,0)
and (0.25,0), respectively (Fig. 2b). These wavevectors suggest that
the real-space period of the modulations is exactly 4a, along either
lattice direction. Based on the filtered topograph in Fig. 2e and asso-
ciated Fourier transform linecuts that show an in-phase relationship
between the atomic Bragg peaks Q, and Q% (Fig. 2f), we further
conclude that the peaks of the stripe modulation are site-centred,
positioned on top of Bi and therefore the Cu sites. This is in contrast
to the bond-centred charge modulations observed in underdoped
cuprates in the pseudogap regime'.

Theunidirectional nature ofthe modulation canbe clearly visualized
as long horizontal lines that run across the entire field of view (Fig. 2c).
Quantitatively, unidirectionality within a single stripe domain can
also be confirmed by the presence of only Q% (but not Q’) in the
Fourier transform of the STM topograph (Fig. 2d,f). By constructing
the modulation amplitude maps along x (Fig. 2g) and y lattice direc-
tions (Fig. 2h), we can observe a strong anti-correlation between the
two (inset in Fig. 2h), a trend also confirmed for the dI/dV(r,V) maps
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Fig. 2 | Unidirectional charge-stripe order in insulating Bi-2212. a,b, Atomically resolved STM topograph of a ~30 nm square region (a) and its associated
Fourier transform (b). The atomic Bragg peaks (Q, and Q), charge-stripe ordering peaks (Q*, and Q) and the structural supermodulation peak (Qsy) are
identified. Inset in (b), Linecut along Q, and Q,. ¢,d, Magnified view of a ~10 nm square STM topograph hosting a single charge-ordering direction (dashed
yellow square in a) (¢) and its associated Fourier transform (d). e, Fourier-filtered STM topograph from c isolating the contributions from wavevectors at

Q, Q, Q' and Q’c,, only. The topograph demonstrates that the charge order is site-centred. Inset, position of the Cu atoms (orange crosses) and O atoms
(green ellipses) in the CuO, layer with respect to the filtered STM topograph. f, Linecuts from the centre of the Fourier transform in d to Q, and Q,, showing
the real and imaginary Fourier transform components separately. Both Q*., and Q, show non-zero real components, while the imaginary components are
zero, thus quantitatively confirming their in-phase relationship visually observed in e. g,h, The amplitude of the charge-stripe order along x (g) and y (h)
lattice directions acquired over the region in a that show strong anti-correlation with cross-correlation coefficient a (defined in Supplementary Section 6)

of approximately —0.4 (inset in h). STM setup (a,0): V,,,,e=—2V and I, =3 pA.

(Supplementary Fig. 8). This is consistent with the visual observation  as bright lines directly corresponding to the equivalent features
that a certain region of the sample hosts the modulation either along  observed in the STM topograph (Fig. 3a,b). The associated Fourier
the x or y lattice direction, but not both. The unidirectional nature transform also shows peaks at Q*., ~(0.25,0) and Q’¢, ~(0,0.25)
cannot be explained by STM tip anisotropy because we observe stripes ~ (Fig. 3c), thus demonstrating the ordered nature of the modu-
oriented along both lattice directions using the same tip (Fig. 2a). lations. These modulations are non-dispersive in a wide range

We also investigated the electronic origin of this modulation of STM biases (Fig. 3d,e), which is consistent with charge order-
by acquiring dI/dV(r,V) maps, where the modulation is visible ing. The same ordering vector is also seen in normalized R(r,|V|)
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Fig. 3 | Visualizing the charge-stripe order in STM differential conductance maps of insulating Bi-2212. a,b, Atomically resolved STM topograph (a)

and dI/dV(r,V=2V) map (b) acquired over the same ~16 nm square region of the sample. ¢, Discrete Fourier transform (FT) of b showing 4a, charge
modulation peaks Q*., and Q',. Small crosses in each corner of ¢ denote the positions of the atomic Bragg peaks Q, and Q,. d, Four integrated d//dV(r,V)
maps at different STM biases acquired over a ~25nm square region of the sample. To enhance the signal-to-noise ratio, each map is an average of five
dl/dV conductance maps, spaced by 40 mV, centred on the bias labelled. e, A series of linecuts, offset for clarity, in the four-fold symmetrized Fourier
transforms of d//dV(r,V) maps at ten equally spaced biases from V=1.64to 2 V. f, A real-space linecut along the white line in d that shows the periodic
variation of the dl/dV conductance in the di/dV map (blue squares), and the ideal 4a, modulation as a visual guide (grey line). STM set-up: Ve ==2V,

lx=20pA and V,,.=20mV.

maps used to remove the STM set-up condition”. To describe
the electronic structure of the striped hole crystal state in more
detail, the periodic variation in dI/dV(r,V) conductance is shown
in Fig. 3f along a linecut across the stripes indicated in Fig. 3d.
This modulation in the ordered regions by the 4a, period can
also be seen in the spatial map of the charge transfer gap and its
associated Fourier transform (Supplementary Figs. 10 and 11),
which is one of the indications suggesting the importance of CuO,-
derived Hubbard bands on the physics of the charge-stripe phase
(Supplementary Section 4). Our experiments have not been able to
pinpoint what type of chemical disorder, if any, could be related to
the observed charge modulations. Annealing at the temperatures
used in this work is only expected to affect the oxygen dopant den-
sity, not the cation concentration®. The analysis of oxygen dopant
distribution in our surface-annealed samples revealed no spatial
ordering with the 44, period (Supplementary Section 5). In anal-
ogy to the observations in the pseudogap phase of Bi-2212%, some
correlation between oxygen defects and the maxima/minima of the
charge modulations may be possible.

In addition to previously observed smectic®™'*!>!41820212% and
nematic'® orders in the pseudogap phase, we have reported here
strong evidence for perhaps the most elusive electron liquid-crys-
tal phase in lightly hole-doped cuprates—the charge-stripe crys-
tal phase. In sharp contrast to the charge-ordered phases in the

pseudogap phase manifested at low energies near the Fermi level,
the striped hole crystal phase is detected in the insulating state
and is probably tied to the spatial modulations of the high-energy
charge transfer gap. Given the long-standing debate on whether the
stripes (chequerboard) that break (preserve) the C, rotational sym-
metry of the crystal are favoured in cuprates*"*?, our work provides
real-space evidence that strongly indicates the preference of lightly
doped cuprates to form charge stripes over the chequerboard. Our
observation of large phase-coherent regions suggests that the striped
hole crystal may exist as a stable ground state of a lightly doped Mott
insulator stabilized by long-range Coulomb interaction®. Moreover,
the coexistence of ordered and disordered regions within the same
field of view (for example, solid and dashed blue squares in Fig. 3d)
could be indicative of Coulomb frustrated phase separation. We
further note that the presence of conducting bulk below the insulat-
ing surface layers could in principle partially screen the long-range
Coulomb interaction in the surface layer (Supplementary Section 1).
The observed charge-stripe phase is consistent with the picture of
fluctuating stripes™**** pinned by chemical disorder. We expect it
could be detected by resonant X-ray scattering'>* provided that the
insulating state achieved at the surface by annealing extends into the
bulk over micrometre-scale distances. We note that our STM data
do not resolve the role of the spin in the observed stripe hole crystal.
However, because insulating stripes with both charge and spin order
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have been observed in the hole-doped nickelate La,NiO,, (ref. **),
albeit being diagonal and with a much larger charge transfer gap
of ~4eV, it is possible that the insulating charge stripes in Bi-2212
also carry a periodic ordering of spins. Our work provides a viable
platform to test this using spin-polarized STM.

Recent experiments have suggested that the charge ordering in
cuprates may be intimately related to the pseudogap, and that its
wavevector exhibits a doping dependence as if it were driven by
Fermi surface effects®. However, our data challenge this momen-
tum-space picture, as we provide evidence of a commensurate
charge ordering in the charge transfer insulator state, before the
onset of the pseudogap and the emergence of a Fermi surface. It
is conceivable that the stripe crystal phase serves as the reference
insulating state. In this scenario, further hole doping closes the
charge transfer gap by nucleating inherently nematic low-energy
quasiparticle states, which are unstable to the formation of incom-
mensurate charge and other intertwined orders associated with the
pseudogap. This is consistent with a more detailed analysis of STM
data, which revealed the underlying commensurate nature of the
charge order in the pseudogap phase, disentangled from the appar-
ent incommensurate, doping-dependent vector'“. However, more
experiments are necessary to establish the connections (if any)
between the insulating 4a, stripe hole crystal reported here and the
charge-ordering phases in the pseudogap state. Our work provides
a promising direction for exploring this by using surface annealing.
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LETTERS

Methods

The starting point for our experiment is a single crystal of optimally doped Bi-2212
(T, of ~91K), grown using the travelling floating zone method. This crystal was
cleaved in UHV at room temperature between adjacent BiO layers, and imaged

by STM at ~4.5K to demonstrate that the STM topograph and dI/dV spectra are
consistent with previous work (for example, Fig. 1b). The same sample (without
re-cleaving) was then taken out of the STM, inserted into the annealing stage in
the adjacent UHV chamber, and heated up (annealed) at varying temperatures to
achieve the doping levels presented in this Letter. Annealing was performed by the
standard procedure for substrate heating also used during molecular beam epitaxy
growth. More specifically, heating was achieved by running a current through a
heating filament (made from a tungsten wire) inside the sample holder, positioned
~2-3 mm behind the sample plate. The temperature of the sample plate was
calibrated before and after completion of the STM portion of the experiment in an
external UHV chamber, by attaching a thermocouple directly to the top of

the sample plate. The sample reached ~85% of the final temperature within the
first ~5 min of heating, and the final temperature that the sample reached is
reported in the main text. For example, the sample in Fig. 1¢ was annealed

for 10 min to reach a maximum temperature of ~270°C, and that in Fig. 1d

was annealed for three cycles of 20 min each, reaching a maximum of ~380°C

(a single cycle of 20 min heating gave qualitatively the same results).

We emphasize again that the sample was never taken out of the UHV
environment from the time it was first cleaved until the STM experiments

were completed. Annealing at temperatures of ~430 °C (four attempts) yielded

an insulating surface that we could not tunnel into at ~4.5K using an STM set-up
voltage as high as 3V and a tunnelling current as low as a few pA, despite no
change in room-temperature reflection high-energy electron diffraction images
of the surface (Supplementary Figs. 6 and 7). This is consistent with more oxygens
escaping from the several topmost layers, which further underdopes the surface,
without affecting the structural morphology of the surface.
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We note that the bulk of our UHV annealed Bi-2212 samples still exhibit
superconductivity, with T, reduced by only ~2-3% (Supplementary Fig. 1), in spite
of the dramatic change of the electronic properties at the surface (Fig. 1b-d). Thus,
the effects observed here are a consequence of surface doping, possibly of only the
several topmost layers where oxygen dopant concentration is significantly reduced.
Nevertheless, given the surface-sensitivity of STM, the measurements acquired on
this insulating surface are not expected to be affected by the conducting bulk, as
further discussed in Supplementary Section 1.

Although difficult to quantify, the rate of oxygen dopants escaping during
annealing is probably not a linear function of temperature or the annealing time, as
the superconducting bulk acts as an infinite reservoir of oxygen dopants that can
partially replace some of the interstitials that escape from the surface. Nevertheless,
based on our data regarding the dopant densities and electronic properties of the
annealed samples, we can conclude that the surface doping obtained in the end
follows the maximum temperature of the annealing used.

All STM data were acquired at a base temperature of ~4.5K. Spectroscopic
measurements were taken using a standard lock-in technique at 915 Hz frequency
and varying bias excitation as detailed in the figure captions. The STM tips used
were home-made, chemically etched tungsten tips annealed to a bright-orange
colour in UHV. Tip quality was evaluated on the surface of a single crystal Cu(111)
before performing the measurements presented in this Letter. The Cu(111) surface
was cleaned by repeated cycles of heating and argon sputtering in UHV before it
was inserted into the STM head.

Code availability. The computer code used for data analysis is available upon
request from the corresponding author.

Data availability

The data supporting the findings of this study are available upon request from the
corresponding author.
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