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We report high spatial resolution, below 100 nm, scanning nano x-ray diffraction (SnXRD) imaging of incommensurate lattice modulations (ILM) in Bi2.1 Sr1.9 CaCu2.0 O8+y van der Waals heterostructures of thicknesses
down to two unit cells. We reveal the distinct long-range and short-range ILMs in a bulk sample and at the
surface. We find that the size and mutual orientation of the puddlelike domains of the ILM are determined by the
dimensionality of the system. In the two-unit-cell sample, the wave vectors of the long- and short-range orders
become anticorrelated, and the emergent spatial patterns have a directional gradient. These emergent patterns
imply static mesoscopic lattice modulation. Our findings open a route for local strain engineering to modulate
properties of two-dimensional high-temperature superconductors.
DOI: 10.1103/PhysRevMaterials.4.114007

I. INTRODUCTION

High-temperature superconducting cuprate perovskites are
composed of CuO2 layers intercalated between charge reservoir layers. The differences between these two structural units
give rise to intriguing and unconventional crystallographic
patterns up to the mesoscale which can control superconducting properties [1–9]. Although the c-axis period changes
from one cuprate system to another due to different staging
of dopants, incommensurate modulations along the b axis
are common to optimally doped cuprates [10–14]. The incommensurate lattice modulation (ILM) gives rise to diffuse
scattering beyond the Bragg peaks in diffraction patterns,
as generally occurs for structural ordering in small domains
deviating from the order of the periodic crystallographic structure. In Bi2 Sr2 CaCu2 O8+y (BSCCO), the ILM produces both
weak-diffuse and sharp-intense satellite diffraction peaks up
to high temperatures [13–15]. The ILM is correlated with
the distribution of oxygen interstitials in the SrO [16,17] and
BiO layers [18]. Furthermore, ILM is also correlated with the
spatial variation of the superconducting gaps [7] and Fermi
surface reconstruction [19]. The inhomogeneous distribution
of the ILM can thus change the spatial distribution of the
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superconducting gap [20] and thus introduce a random field
that breaks electronic nematic orders [21–23]. An interplay
between superconducting gap fluctuations, local strain, and
dopant distributions has been recently included in percolative models of high-temperature superconductivity based on
which transport data have been reinterpreted [24].
Two-dimensional (2D) crystals of superconducting
BSCCO is the ultimate realization of 2D superconductivity at
high temperatures [25,26]. Their high electronic tunability has
been demonstrated via electric-field effects [27], as well as by
superconductor-to-insulator transition experiments [26,28].
Hall-effect experiments have shown the dominant role of
superconducting and vortex fluctuations in the electronic
transport [29]. Since the elastic properties of the atomically
thin crystals can differ from those in the bulk [30], one may
wonder if the properties of the ILM would also change in this
extreme 2D limit.
In this work we undertake this task using scanning nano
x-ray diffraction (SnXRD) imaging with spatial resolution
of 70–100 nm in order to study the evolution of and the
interplay between puddlelike domains of the two types of
ILMs at the bulk and atomically thin limits, in fully superconducting BSCCO crystals. Our samples are composed
of a layered perovskite near optimum doping with oxygen
interstitials (p = 0.16 holes per Cu) subject to misfit strain
[31–33], with an orthorhombic structure and incommensurate
modulation along the long b axis with the period (λ/b) ∼ 4.7
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FIG. 1. Scanning nano x-ray diffraction of a BSCCO bulk single crystal. (a) Scanning transmission electron microscopy (STEM) image of
the BSCCO crystal structure where the atomic structure of the incommensurate supermodulation is visible in all combinations of the a − b − c
crystallographic planes (see Experimental Details in [46]). (b) Schematic diagram of the SnXRD imaging setup at the Hard X-ray Nanoprobe
beamline (HXN) [44,45] at the NLSL-II. An x-ray zone plate, together with a central beamstop (not shown) and an order-sorting aperture (not
shown), focuses the impinging monochromatic x-ray beam with energy 12 keV down to 70 nm. The sample (a BSCCO single crystal) can be
positioned in the beam by accurate translations x − y, while the incidence angle to sample can be controlled by θ rotation. The diffracted beam
is collected by a 2D detector whose image is integrated from a wide-range angular scan. While the experiment used the horizontal diffraction
geometry, we show the rotated schematic to preserve the same sample orientation as (a). (c) Reciprocal space map around the [002] Bragg
peak collected during the rocking scan. The superlattice reflections due to the LRO and SRO domains of the incommensurate modulation are
visible. (d) LRO (at k = − 0.21) and SRO (k = 0.21) peaks, collected at two different places with tightly focused beam in the same crystal,
along the best fit using a Lorentzian line shape (continuous lines). The central Bragg peaks are also shown. The cuts are taken where indicated
by the labels. The insets show the profiles of the [002], LRO and SRO peaks along k direction, centered at k = 0, to highlight the different
width peaks.

[6,8,13–15], where λ is the modulation wavelength and b =
0.547nm is the b-axis lattice parameter.
The ILMs are believed to originate from misfit strains
between atomic layers in the BSCCO lattice of different
compositions [1–9]. Such strain in the active superconducting
atomic layers modifies electronic properties in parallel to the
effects of doping [31] and become an important factor controlling the maximum critical temperature in the phase diagram of
many families of high-temperature superconductors, ranging
from cuprates [31] and diborides [32] to the iron-based superconductors [33]. This implies that in low-dimensional systems
the strain fields can also control the periodic reorganization of
charge on distances varying from the atomic scales [34] to
mesoscales [35,36].
II. RESULTS AND DISCUSSION

Figure 1(a) shows the real-space representation of the
lattice modulations in BSCCO, constructed using the

high-angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) images taken along the
three different crystallographic axes. The results are combined
into a three-dimensional (3D) representation. The observed
one-dimensional (1D) lattice modulation is running along the
(010) crystal axis in real space. While these STEM images
offer a convenient visualization of the crystallographic structure of 2D materials [34], the cross-sectional STEM study on
atomically thin samples requires special sample preparation
techniques that may change the atomic structures and cannot
provide comprehensible information regarding ILMs in the
2D plane. To avoid these problems, we have visualized the
spatial distribution of the ILMs using SnXRD at the bulk and
atomically thin limits. In previous x-ray diffraction (XRD)
studies of BSCCO [6,8,13–15], the 1D ILM has been reported
to have both diffuse short-range order (SRO) satellites at
qs = (0, 0.21, 2n) and long-range order (LRO) satellites at
qL = (0, 0.21, 2n + 1) (where qs and qL are the reciprocal
lattice units (r.l.u.) and n is an integer number) around Bragg
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peaks. The LRO are 3D ILMs, while the SRO arises from the
stacking-fault interfaces between the LRO domains [5,8,13].
The SnXRD measurements combined with advanced analytic tools have proven to be extremely useful for revealing
the spatial correlations between the distinct lattice, charge,
spin, and quenched disorder domains in cuprates [37–40],
iron pnictides [41], vanadium dioxide [42], and chromium
[43]. However, only a few of these experiments have properly
exploited the recent technological advances in x-ray focusing,
which enabled beam sizes below 100 nm [44,45]. In our experiment we reduce the beam size down to 70–100 nm in order
to scan the sample in the a − b direction with a scanning step
of 100 nm in both directions. At each location, we obtain the
XRD corresponding to the wave vector (h, k, l ) in r.l.u. within
the tightly focused beam spots. To study the ILMs running
along the (010) crystallographic direction, we typically record
the diffraction pattern in the h = 0 plane.
Figure 1(b) shows the schematic for the SnXRD setup. A
large-scale reciprocal space map is taken by integrating the
diffraction patterns over a wide range of incidence angles,
measured in bulk BSCCO single crystals, while in Fig. 1(c)
we zoom in on the [002] peak with the surrounding LRO and
SRO superstructure peaks. We observe that the LRO and SRO
peak location along (010) are modulated from spot to spot on
the same sample relative to the [002] Bragg peak position.
This is shown in Fig. 1(d), where we plot the XRD profiles
along the (010) axis, integrated along (001) in order to simultaneously study the SRO, LRO, and the [002] Bragg peaks,
for two different representative locations on the same single
crystal. The scanning has been performed with the crystal at
a fixed orientation where the LRO, SRO, and 002 peaks are
detected, in the reciprocal space locations as indicated by the
labels in Fig. 1(c). The LRO and SRO peaks change their
wave vector k, while the [002] peak remains inside the experimental pixel resolution kexp = 6 × 10−4 r.l.u. The SRO
shows a broader distribution with its FWHM ∼ 0.025 r.l.u.,
which is about ten times larger than the LRO peak (FWHM
∼ 0.0025), as highlighted in the inset of Fig. 1(d). The coherence length of the ILMs can be quantitatively estimated
by standard crystallographic methods using the FWHM of
the satellite diffraction peaks [46]. We have found that the
LRO satellite reveals a large in-plane domain size ξbLRO above
100 nm while we have ξbSRO = 11 nm for the SRO satellite,
as shown in Fig. S2 and Table 1 of the Supplemental Material
(SM) [46]. The broader elongation of the SRO peaks occurs
also along the (001) axis, indicating the 2D nature of the SRO
structures. We do observe that the in-plane domain size ξb is
larger than the out-of-plane domain size ξc for both LRO and
SRO modulations. In particular, we find that the out-of-plane
SRO domain size (ξcSRO = 4.1 nm) is slightly larger than the
c axis of a single unit cell (c = 3.1 nm), suggesting that
SRO modulations are similar to stacking faults [13] arising
at the interface between different LRO domains. Furthermore,
SRO peaks only appear around Bragg peaks with l = even,
implying that these modulations are out of phase with respect
to each other.
We have used SnXRD for visualizing the spatial distribution of the LRO and SRO ILMs in real space. More
precisely, we calculated and mapped the LRO and SRO wavevector fluctuations, δk and δl, along the k and l directions,

respectively, to visualize ILM textures on the sample. The
wave-vector fluctuations are defined as δk = k − k and δl =
l − l, where k and l are the wave vectors of the superlattice
peaks along k and l directions, respectively, measured at each
position, and k and l are the average values of the wave
vector measured at all positions. At the same time, we use the
wave-vector fluctuations δk and δl for the [002] Bragg peak
to characterize and map the lattice strain. This will allow us
to search for any possible links between ILM textures and the
strain map in our study.
Figures 2(a) and 2(b) show maps of δk for the LRO
and SRO. Figure 2(c) shows the probability density function
(PDF) of the spatial in-plane LRO (red squares), SRO (black
circles), and the [002] (dashed line) δk fluctuations. The gray
rectangle represents the experimental resolution kexp corresponding to a single pixel on the x-ray pixel-array detector.
Both the LRO and SRO show similar PDFs, varying in the
range of about 0.007 ∼ 10kexp , larger than the experimental
resolution. From the spatial dependence of the SnXRD measurements, we also found that the inhomogeneities of the LRO
and SRO modulations in our bulk samples are correlated to
each other. This positive spatial correlation can be seen in the
scatter plot of δk fluctuations of the LRO and SRO shown in
Fig. 2(d), where we observe that larger LRO corresponds to
larger SRO modulations. This observation indicates a close
connection between the distribution of the SRO domains and
inhomogeneities of the ILMs. The LRO and SRO spatial patterns do not show significant directionality in texture. Figure
2(e) shows the directional distribution of ∇δk for the LRO and
SRO, computed from the δk maps. Here we can see that the
spatial variations of δk are isotropic for both LRO and SRO.
In the out-of-plane l direction, we find that the δl fluctuations of LRO and [002] remain quite homogeneous within the
experimental resolution, lexp = 0.005 r.l.u, while the map of
the δl fluctuations of SRO shows larger fluctuations (see Fig.
S3, SM [46]). Hence the positive correlation between the LRO
and SRO inhomogeneities is a 2D structural feature occurring
in the a − b plane of the bulk sample. In the bulk sample both
δk and δl fluctuations of the [002] Bragg peak remain below
the experimental resolution.
Now we move to exploit the spatial imaging capability of the SnXRD to investigate the spatial distribution of
lattice modulations in atomically thin BSCCO crystals [see
Fig. 3(a)]. In this experiment we employ a two-unit-cell (u.c.)
thick (6 nm thick in atomic force microscope measurements)
BSCCO sample about 50 um in lateral size, obtained by
mechanical exfoliation. This crystal was subsequently encapsulated and protected by atomically thin hexagonal boron
nitride (hBN) crystals (see Methods and Fig. S1, SM [46]).
For atomically thin BSCCO crystals, protecting the crystals
with chemically inert hBN is necessary to form a van der
Waals (vdW) protective layer that prevents degradation of
the samples. After creating the hBN/BSCCO heterostructure on the SiO2 /Si substrate, we also deposit gold markers
[see Fig. 3(b)] necessary for alignment with the hard x-ray
nanobeam’s region of interest (see Methods [46]). Figure 3(c)
shows the reciprocal space map around the [002] peak collected during the rocking scan. Despite the 2-u.c. thickness
of the atomically thin crystals, both the SRO and the LRO
satellites are detectable [see Fig. 3(c)], although their intensity
results are reduced in comparison with the bulk sample. This
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FIG. 2. Spatial complexity of the incommensurate lattice modulations in the BSCCO bulk crystal illustrated by scanning nano x-ray
diffraction maps showing the spatial variation of the propagation vector δk of (a) LRO and (b) SRO peaks. The red (blue) spots correspond
to sample regions with higher (lower) wave vectors with respect to the average of 0.21 r.l.u. (c) Probability density function of δk calculated
from the (red full squares) LRO and (black full circles) SRO maps. We report also the variation for the [002] Bragg peak position along the
k direction, which remains inside the experimental resolution indicated by shadowed rectangle corresponding to kexp = 0.0006 r.l.u for a
single pixel. (d) Scatter plot of LRO peak propagation vector deviations vs SRO peak demonstrating the positive spatial correlation between
LRO and SRO modulations. The gray rectangles correspond to the experimental resolution kexp . (e) Polar plots of the gradient magnitude vs
gradient direction of (left panel) LRO and (right panel) SRO ∇δk calculated from the maps in panels (a) and (b).

observation is in sharp contrast to the previous XRD experiments performed on the unprotected BSCCO flakes where
no SRO peaks were detected [47], suggesting that indeed the
hBN encapsulation is necessary for protecting the chemical
integrity of the atomically thin BSCCO samples.
Figure 3(d) shows the line shape of the LRO and SRO
profiles along the (010) direction. The XRD profiles measured
at different sample spots show significant differences in width,
position, and amplitude. We find that the LRO domain size,
ξbLRO , decreases in atomically thin crystals. At the 2D limit,
ξbLRO becomes equal to 15 nm, which is an order of magnitude
smaller than the value of ∼100 nm obtained in the bulk sample
(see Table 1, SM [46]). It is interesting to note that the domain
size for the SRO decreases only slightly from 11 nm in the
bulk to 7 nm in the 2-u.c. atomically thin crystals (see Fig. S2
and Table 1, SM [46]). As the thickness of the sample is
only 6 nm, the c-axis structural coherence lengths are strongly
reduced along the (001) direction: ξc becomes about 1 and
2.5 nm for the SRO and LRO modulations, respectively, as
compared to 4 and 94 nm in the bulk sample.
Spatial XRD imaging of the SRO/LRO in the 2-u.c. sample reveals the effect of the reduced dimensionality to the
ILMs. Figures 4(a) and 4(b) show spatial maps of δk for LRO
and SRO wave vectors, where a different texture appears in

comparison with those of the bulk sample. In order to quantify these textures, we have calculated the probability density
function, the spatial correlations, and the gradient of the maps
of δk and δl fluctuations. Although fluctuations for the LRO
and SRO show a similar range to what is found in the bulk
[Fig. 2(c)], the corresponding probability density function
deviates strongly from the Gaussian-like distribution characteristic of the bulk. The spatial correlations between the LRO
and SRO, shown in Fig. 4(d), become anticorrelated, in sharp
contrast to observed correlations in the bulk crystal. We also
observe directional textures of the fluctuation pattern in the
2-u.c. flake that is absent in the bulk crystal. Unlike the bulk
sample [Fig. 2(e)], Fig. 4(e) shows that the angular-dependent
∇ δk displays a preferred direction near -90 °, corresponding
to the (0-10) direction, where the δk fluctuations are larger.
The negative spatial correlations between the LRO and SRO
and the directional textures have also been found along the
(001) direction (see Fig. S4, SM [46]). The different correlations between the SRO and LRO, from the bulk to the
atomically thin crystals, are even more evident by visualizing
in-plane δk, as a function of out-plane, δl fluctuations (see
Fig. S5, SM [46]), suggesting a different correlated disorder
[48] with an emerging spatial pattern appears in atomically
thin BSCCO samples.
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FIG. 3. Scanning nano x-ray diffraction of a BSCCO VdW heterostructure. (a) The x-ray beam is focused on an atomically thin VdW
BSCCO heterostructure. We used a similar experimental setup of Fig. 1(b), adding an x-ray fluorescence detector to locate the sample using
gold markers deposited on the top of the VdW heterostructure. The x-ray detector records the diffraction pattern in the illuminated sample
area from a cuprate crystal 6 nm thick (2 u.c.). (b) Optical image showing the gold marker array deposited on top of the VdW heterostructure.
Inset shows a typical fluorescence map of the area in dashed box. (c) A portion of b∗ − c∗ diffraction pattern where the [002] peak and
the superlattice reflections for LRO and SRO incommensurate modulation are indicated. (d) Two typical LRO and SRO peaks along the
k direction, collected at two different places on the same heterostructure. The insets highlight the δk fluctuations for both LRO and SRO
modulations.

A possible explanation for the origin of these differences
can be that the misfit strain between the Bi-O rocksalt and
the Cu-Sr-Ca perovskite layers [31–33] could change at a reduced dimensionality. Indeed, we find that the variation of the
[002] peak is slightly larger than the experimental resolution
kexp , as shown in Fig. 4(c). This result indicates that the
intrinsic strain of an atomically thin crystal plays a role in the
different spatial arrangements of the incommensurate lattice
modulations. The fluctuations of the [002] peak exceed the
experimental resolution kexp just for the 2-u.c. thin sample.
This behavior is accentuated along the (001) direction, where
the [002] peak is clearly larger than lexp (see Fig. S4, SM
[46]). This unusual distribution might indicate some structural
instability and the related criticality [37–39] in the flake and
calls for a further thorough investigation.
III. CONCLUSION

In summary, highly resolved scanning synchrotron x-ray
diffraction measurements around the [002] Bragg peak on
both a bulk sample and an atomically thin BSCCO van der
Waals heterostructure has enabled us to collect simultaneously (i) SRO, (ii) LRO, and (iii) [002] Bragg peaks. We
have visualized the spatial distributions of the LRO and SRO
wave vectors by displaying variations of δk and δl, along
the k and l direction, respectively. At the same time, we
have found variations of the wave vector of the [002] Bragg

peak to characterize and visualize the lattice strain maps. Our
results shown in Fig. 2(c) and Fig. S3, SM [46] reveal that
the bulk sample does not experience a significant strain since
the variation δk and δl of the (002) peak are both below the
experimental resolution. In this case, the LRO and SRO textures comprise randomly arranged puddles at the nanoscale,
as shown in the maps in Figs. 2(a) and 2(b), respectively,
with no preferential direction. On the contrary, the appreciable
lattice strain in the 2-u.c. sample is seen when both δk and δl
become larger than the experimental resolution. In this case,
the LRO and SRO modulations form spatial patterns. The
larger strains indicate more intense electron-lattice interactions; therefore one can expect that in this case, the lattice
modulations are accompanied by the corresponding chargedensity modulations (or charge-density waves), which arise
to maintain neutrality. Then the spatial charge modulations
should form the charge modulation puddles on comparable
mesoscales. These are mapped in Figs. 4(a) and 4(b). The influence of the mesoscale strains on the mesoscale texture can
be depicted by inspecting spatial correlations between the
textures of the LRO and the (002) Bragg peak along both
δk and δl directions in Fig. S6, SM [46]. In the 2-u.c. sample we observe positive correlations between δk of (002)
and LRO peaks and somewhat larger negative correlations
between δl of (002) and LRO modulation peaks. This is expected for multilayered structures where larger fluctuations
occur in the out-of-plane direction. In our case, since the
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FIG. 4. Spatial complexity of the incommensurate lattice modulations in the VdW heterostructure. Scanning nano x-ray diffraction map
of a region of interest showing the spatial variation along the (010) direction, δk, of the LRO peak (panel a) and the SRO peak (panel b). The
red (blue) spots correspond to sample regions with a higher (lower) propagation wave vector with respect to the average value of 0.21 (green
color). (c) Probability density function of δk calculated from the LRO (red squares), the SRO (black circles), and the [002] peak (dashed green
line) maps. In this case, the variation of the [002] peak exceeds the experimental resolution, kexp , indicated by the shadowed area. (d) Scatter
plot of δk for the (black circles) LRO vs SRO showing an anticorrelation between LRO and SRO. The shadowed rectangles correspond to the
experimental resolution. (e) Polar plots of the gradient magnitude vs gradient direction of (left panel) LRO and (right panel) SRO calculated
from the δk maps shown in panels (a) and (b). In this case we observe preferential directions of the grain arrangement in the δk maps along the
(0-10) direction.

δk fluctuations of the LRO are anticorrelated with δk of
the SRO [Fig. 2(d)], there exists a weak positive correlation between the in-plane strain and the SRO modulation,
see Fig. S6a, SM [46].
The observed modulations, which appear to be in concert
with the findings of Yu et al. [26], stem from the misfit strain
arising from the mismatch between the substrate and thin
BSCCO flakes. These inhomogeneous ILMs may have a profound effect on the electronic properties of heterostructures.
In particular, one may develop a theoretical framework to
describe the interaction between transport carrier and inhomogeneous ILMs using a similar theoretical technique adopted
for the inhomogeneous charge-density waves interacting with
the carriers [49]. Potentially, this approach can explain the
striking observation that the electronic mobility in the atomically thin films is reduced, while the Hall resistance remains
intact and does not change much as compared to the bulk value
[28]. Finally, our findings indicate that a fine-tuning of the
strain can be used to control the spatial correlations of the
ILMs, providing a route for investigating and controlling correlated disorder [5] and its relation to electronic functionality
in 2D high-temperature superconductors.
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