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Scanning nano-focused X-ray diffraction and high-angle annular dark-field scanning
transmission electron microscopy are used to investigate the crystal structure of rampedge junctions between superconducting electron-doped Nd1.85Ce0.15CuO4 and superconducting hole-doped La1.85Sr0.15CuO4 thin films, the latter being the top layer. On
the ramp, a new growth mode of La1.85Sr0.15CuO4 with a 3.3◦ tilt of the c-axis is found.
We explain the tilt by developing a strain accommodation model that relies on facet
matching, dictated by the ramp angle, indicating that a coherent domain boundary is
formed at the interface. The possible implications of this growth mode for the creation
of artificial domains in morphotropic materials are discussed. C 2015 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4927796]

Ramp-edge junction technology is an integral part of the research into the properties of (highTc) superconductors.1 The ramp-edge configuration provides a good platform to create ab-plane
junctions between high-Tc superconductors and between high-Tc and conventional superconductors.2,3 Additionally, ramp-edges are also used to create junctions through graphoepitaxy, where a
large lattice mismatch between substrate and film causes the film to grow following the surface
normal instead of the crystal direction of the substrate.4 In this letter, we show that there can be a
third kind of junction that is not quite a full ab-plane contact and where strain does play a role in
determining the details of the growth, but not to the extent of promoting graphoepitaxy. We find that
for appropriate lattice mismatches, a tilted phase can form on the ramp with respect to the c-axis
aligned phase that grows away from the ramp; the tilting is dictated by facet matching to the lattice
planes exposed on the ramp-edge, and is proportional to the ramp angle.
We have fabricated ramp-edge junctions between superconducting Nd1.85Ce0.15CuO4 (NCCO)
and La1.85Sr0.15CuO4 (LSCO) on [LaAlO3]0.3[Sr2AlTaO6]0.7 (LSAT) substrates using pulsed laser
deposition (PLD), standard photolithography, and ex situ and in situ argon ion milling. The samples are grown from commercial and homemade polycrystalline PLD targets. The NCCO layer is
grown from a target with extra copper added to suppress a parasitic (Nd, Ce)2O3 (CNO) phase.5
We use a specifically tailored oxygen annealing and reduction procedure to ensure both layers are
superconducting.5,6 A schematic view of the junction cross-section is shown in the inset of Fig. 1.
The junction consists of a NCCO bottom electrode sandwiched between undoped Nd2CuO4 (NCO)
layers in which a ramp is defined by ex situ argon ion milling under an angle of 45◦. The NCO
layers act as a buffer layer and a capping layer. The LSCO top electrode is deposited after an
extra in situ cleaning step of hard and soft argon ion milling. The final devices are structured for
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FIG. 1. HAADF-STEM characterization of the LSCO/NCCO ramp-edge junctions. The inset shows a schematic crosssection of the device, the bottom electrode consists of 70 nm Nd2CuO4 (NCO), 150 nm Nd1.85Ce0.15CuO4 (NCCO), and
20 nm NCO, the top electrode consists of 150 nm La1.85Sr0.15CuO4 (LSCO). The HAADF-STEM image shows a close-up
of the ramp area (indicated by the dotted box in the inset), the NCCO and LSCO ab-planes are indicated by yellow lines. The
LSCO top layer is tilted with respect to the NCCO lattice by 3.3◦.

electronic transport measurements, described elsewhere.6,7 Here, we focus on the structural characterization of the interface between NCCO and LSCO in the ramp area of the junctions. We employ
two different techniques to probe the interface: scanning nano-focused X-ray diffraction (nXRD)
and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM).
The former has become a powerful tool for selective analysis thanks to the development of high
brilliance synchrotron sources that employ micro and nano-focused beams.8 This allows nXRD to
combine sub-micron lateral resolution with high k-space resolution9–17 for the nondestructive study
of the crystal structures of buried layers. HAADF-STEM complements the nXRD measurements by
providing a local cross-section of Z contrast with atomic resolution. More details on sample fabrication and the HAADF-STEM and nXRD measurement setups can be found in the supplementary
material.18
Fig. 1 shows a HAADF-STEM close-up of the ramp interface. The NCCO and LSCO layers
can be identified, as well as a tilting of the LSCO lattice, indicated with yellow lines. The layer
composition is verified by electron diffraction and energy dispersive X-ray spectroscopy (EDX),
discussed in more detail elsewhere.6,7 The exact tilting of the LSCO lattice is determined by looking
at the Fourier transforms of the NCCO and the LSCO lattices and is found to be 3.3◦ on the central
part of the ramp.
Next, we use nXRD to show that the tilting of the LSCO lattice is not a local effect, but
occurs along the entire ramp. Fig. 2 summarizes the nXRD results. A CCD camera collects two
dimensional X-ray spectra in a grid scan across the junction interface with the beam aligned to

FIG. 2. Nano-scale X-ray diffraction structural mapping. (a) Schematic top view of the junction with the scan area and the
beam direction indicated. (b) Detector image zoomed in around the NCO, NCCO, and LSCO (1 0 7) peaks. The white boxes
are used in the integration for (c). (c) Integrated nXRD intensity maps for NCO (A), NCCO (B), LSCO (C), and a tilted
phase of LSCO (D), only visible at the ramp, measured on the scan area indicated in (a). A background is subtracted from all
maps and the signal is normalized to the highest intensity pixel. The pixel size is 0.5 µm × 1 µm, shortest in the horizontal
direction.
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FIG. 3. LSCO lattice tilting, the bottom left panel shows a low magnification HAADF-STEM cross-section of the sample
with five regions indicated. The NCCO and LSCO layers are labeled as well as the LSAT substrate (the NCO layers are
not indicated for clarity). The structure is capped with carbon, and electron and ion-deposited Pt layers. The nXRD frames
surrounding the HAADF-STEM image show the diffraction pattern for NCO (1 0 7), NCCO (1 0 7), and LSCO (1 0 7) for the
five approximate regions. The diffraction patterns show a gradual change to a tilted phase going from 1 to 3 and an abrupt
transition from the tilted phase to the c-axis aligned phase at the grain boundary near region 4. The dashed line follows a
constant 2θ angle.

NCCO (0 0 8), which corresponds to a beam angle of around 16◦. The images in Fig. 2(b) and
Fig. 3(1–5) show the diffraction pattern as it appears on the CCD camera. The horizontal direction
on the detector corresponds with the l Miller index and the vertical direction with the h Miller
index. Concentric circles around the direct beam are lines of equal 2θ, where the inclination with
respect to the horizontal axis corresponds to a tilting or a non-zero χ angle. Fig. 2(a) shows the
measurement geometry, the scan area being 20 µm × 40 µm. The focus of the beam allows for
the collection of a broader range of Bragg reflections, including (1 0 7), which shows a larger and
clearer peak separation. Fig. 2(b) shows a summation of all the frames collected in one scan zoomed
in on the (1 0 7) reflections of NCO, NCCO and LSCO, and the tilted LSCO phase, labeled A–D.
Fig. 2(c) shows intensity maps of the scan area by integrating over the white boxes labeled A–D in
Fig. 2(b). For the mapping, a constant background is subtracted and the images are normalized to
the highest intensity pixel, more details can be found in the supplementary material.18 The pixel size
is 0.5 µm × 1 µm, with the shortest size in the horizontal direction; each panel is constructed from
1600 diffraction patterns. In Fig. 2(c), the device architecture of Fig. 1 can be identified. For NCO,
panel A in Fig. 2(c), going from left to right, first the NCO layer underneath the NCCO electrode
is imaged. Then the junction overlap area, defined by the complete NCO/NCCO/NCO/LSCO stack,
is visible; it has a higher intensity, because here the NCO capping layer has not been etched away
(see the inset of Fig. 1). The ramp is identified as the step-like intensity change from orange to light
blue in 1–2 pixels, comparable to the width of the ramp (∼300 nm). Finally, beyond the ramp on
the right, finite intensity remains as the etching process of the ramp is stopped in the NCO layer. In
the mapping of NCCO, panel B, both the overlap area and the ramp can be identified. The overlap
area shows a higher intensity because the NCCO outside the overlap area is etched away slightly
during the definition of the LSCO contact and the removal of the NCO capping layer. Beyond the
ramp, only background intensity remains. For LSCO, panel C, we get a complementary picture;
the overlap area can be identified and no intensity remains to the left of the overlap area, where all
the LSCO has been etched away. The slightly higher intensity for the overlap area can be explained
by a higher crystal quality of LSCO on the overlap as compared to the LSCO grown on the etched
surface of NCO on the right side of the ramp. At the position where the ramp can be identified in
the NCO and NCCO maps, we observe missing intensity in the LSCO map. Part of the LSCO (1 0 7)
intensity shifts on the detector. Panel D shows a mapping of the intensity of this shifted phase. Here,
the intensity along the ramp corresponds to the missing intensity in panel C. We observe the same
shift for all peaks attributed to LSCO, i.e., (0 0 8), (1 0 7), and (1̄ 0 5), indicating that the effect is
not caused by a rotation of the sample with respect to the beam, see the supplementary material.18

086101-4

Hoek et al.

APL Mater. 3, 086101 (2015)

In the shift, the 2θ angle does not change, this excludes lattice deformation as the origin of the
shift, since that would be accompanied by a change in c-axis length. We therefore attribute the shift
of the LSCO peaks to a tilting of the LSCO lattice, while the LSCO unit cell remains unchanged.
The tilt is measured to be around 3◦ from the shift of the (0 0 8), (1 0 7), and (1̄ 0 5) peaks of
LSCO, see Fig. S2 in the supplementary material.18 This is close to the 3.3◦ tilting measured using
HAADF-STEM, see Fig. 1.
In the grid scan for Fig. 2(c), the beam crosses the ramp at a small angle, which allows us to
image effects on different parts of the ramp despite the spot size being comparable to the size of
the ramp. Fig. 3 visualizes the tilting of the LSCO lattice as the X-ray beam is scanned across the
junction. Panels 1 to 5 in Fig. 3 show the (1 0 7) diffraction peaks for NCO, NCCO, and LSCO
corresponding to different areas of the ramp-edge structure, their approximate location indicated by
the numbers 1–5 in the HAADF-STEM image. The dashed line in the detector images is a section of
a circle of constant 2θ angle, defined by the direct beam center and the main LSCO (1 0 7) peak. The
LSCO (1 0 7) peak can be seen to shift in different ways at the top and the bottom of the ramp. Panel
2 corresponds to the top of the ramp structure where a gradual change in the ramp angle results in
a spread-out peak structure. On the ramp, only the 3.3◦ tilted phase is observed (panel 3). At the
bottom of the ramp, the tilted phase meets the c-axis aligned phase in a grain boundary. This is
reflected in panel 4, where two distinct peaks are observed, with only small streaking between the
two. Finally, in panel 5, just as in panel 1, the LSCO is fully c-axis aligned again.
The tilting observed in our experiment is different from graphoepitaxy that is known to occur
in ramp-edge structures of cuprate superconductors.4 In graphoepitaxy, YBa2Cu3O7−x (YBCO), for
example, can grow on a ramp etched into a MgO substrate, where the YBCO tilting follows the
ramp angle, creating Josephson junctions at the top and bottom of the ramp.4,19 For our junctions,
the tilt does not follow the ramp angle directly, but is much smaller than the ramp angle. We argue
that the tilting of the LSCO lattice on the ramp is induced by strain at the interface. The tilted
phase has a better lattice match along the NCCO facets exposed on the ramp than a c-axis aligned
phase. Tilting to accommodate lattice mismatch is observed in semiconductor heterostructures for
large lattice mismatches in combinations like MnAs/GaAs, GaN/GaAs, GaAs/Si, Cu/GaAs, or
α-Si3N4/Si.20–23 Here, the tilt is determined by the lattice mismatch and the vicinal angle of the
substrate. In our case, the tilting is determined by the angle of the ramp. From HAADF-STEM and
atomic force microscopy, we measure a ramp angle of around 26◦, the facet closest to this angle is
NCCO (3 0 19), using literature values for NCCO.24 The corresponding LSCO (3 0 19) plane has an
incline of about 29◦,25 which gives a 3◦ incline for the (0 0 1) planes, when the unit cell is tilted to
make the (3 0 19) planes of NCCO and LSCO parallel. The lattice mismatch between LSCO (3 0 19)
and NCCO (3 0 19) along the ramp is 1.7% versus an in-plane mismatch of 4.4% for c-axis aligned
growth. Other planes like (1 0 6), (1 0 7), (2 0 13), and (3 0 20) also have an incline close to 26◦. For
all these planes, the corresponding LSCO plane is tilted by about 3◦ and the lattice mismatch is
always less than 2%.
In Fig. 3, we have seen that a gradual change of the ramp angle at the top of the ramp leads to a
range of tilt angles for the tilted LSCO phase. The changing ramp angle exposes different facets of
NCCO, which results in LSCO layers with a different tilt. Assuming that for each angle the Miller
indices of the aligned NCCO and LSCO planes are the same, the tilt angle γ is given by
(
)
a N cL
γ = arctan
tan α − α,
(1)
cN a L
where α is the ramp angle in degrees and a(c) N, L is the a (c)-axis length of NCCO (N) and LSCO
(L). A full derivation can be found in the supplementary material.18 We can extract the ratios a N /a L
and cL/c N in Eq. (1) from the HAADF-STEM image of Fig. 1. By focusing on the ratios we can
minimize errors due to image distortion. We find a N /a L = 1.05 and cL/c N = 1.098, to be compared
to 1.046 and 1.095, respectively, when using the literature values.24,25 Fig. 4(a) schematically shows
the tilting process and in Fig. 4(b) the blue curve (left axis) shows the dependence of Eq. (1)
using the measured ratios. The orange curve (right axis) shows the difference between the absolute
lattice mismatch for the tilted phase (see supplementary material18) and the in-plane absolute lattice
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FIG. 4. Strain accommodation model for lattice tilt on a ramp interface. (a) Schematic representation of the tilting process
for two lattices A and B with an in-plane lattice mismatch and different c/a ratios. The ramp angle α and the tilt angle γ
are indicated. (b) Modelled tilt of the LSCO phase on the NCCO ramp toward the top of the ramp as a function of ramp
angle following Eq. (1) using the measured a N /a L and c L /c N ratios (blue curve, left axis). The approximate location of
the tilt in regions 1–5 of Fig. 3 is indicated, where 2 and 3 cover a range of tilt angles. The other curve shows the absolute
lattice mismatch difference between the tilted phase and a c-axis oriented phase, where a negative value indicates a lower
mismatch for the tilted phase (orange curve, right axis). (c) Experimental tilt versus model tilt using Eq. (1) for various oxide
systems. The data points for SrTiO3, PbTiO3, and BiFeO3 are determined using information from the main text and the TEM
measurements in Refs. 32–34. The dotted line indicates the predicted tilt.

mismatch for the c-axis-aligned phase (|a N − a L |/a N ); a negative value indicates that the tilted
phase has a favorable, lower lattice mismatch.
For a ramp angle of 26◦(1◦), we predict a tilt of 3.35◦(0.1◦), where the error bar is mostly generated by inaccuracy in determining the ramp angle. This value falls within the measurement error
bar for the measured 3.3◦ tilt. The tilt ranges associated with panels 1–5 in Fig. 3 are schematically
indicated in Fig. 4(b). This leads us to conclude that the facet matching model can qualitatively
describe the LSCO tilt over the whole ramp structure and quantitatively predict the tilt angle for the
dominant ramp angle.
It is interesting to see what Eq. (1) predicts for other materials commonly used in ramp-edge
junctions. Most junction designs work with YBCO, which has a c/a ratio very comparable to
the electron doped cuprates. In the configuration of YBCO/NCCO26 or for NCCO as interlayer in
YBCO–YBCO Josephson junctions,27 the predicted tilt is small, <0.3◦, and it results in an unfavorable lattice mismatch compared to c-axis aligned growth. The same holds for other common
interlayer materials like PrBa2Cu3O7−x28 and for YBCO grown on ramps etched into substrates like
LaAlO329 or MgO,4 where in the latter case graphoepitaxy is found due to the large in-plane lattice
mismatch. A scenario similar to LSCO/NCCO is found in the combination of YBCO and LSCO.
Our model predicts a tilt of 3.45◦ for LSCO/YBCO and −3.16◦ for YBCO/LSCO for a ramp angle
of 26◦. These material combinations have been studied by the Maeda group,30,31 but no reports on
the structure are available.
We note that lattice tilting is also observed across grain boundaries in other oxide systems, for
example, across a twin grain boundary in tetragonal SrTiO332 or PbTiO3.33 In both cases, the tilting
can be described using a simplified version of Eq. (1), since across the domain wall a and c are
exchanged and the “ramp” angle can be defined by arctan (a/c), leading to γ = 2 arctan(c/a) − 90◦.
A tilted lattice also appears across a grain boundary between rhombohedrally distorted (R) and
tetragonally distorted (T) BiFeO3 for specific substrate strain.34–36 Here, Eq. (1) can be used directly
by using the pseudocubic c/a ratios associated with the R and the T-phase and taking the inclination of the grain boundary as the ramp angle. Fig. 4(c) shows the measured lattice tilt versus the
predicted lattice tilt using Eq. (1) for the three materials described above and the LSCO/NCCO
system described in this letter. The measured tilt and the model tilt are determined using the main
text and the TEM figures in Refs. 32–34. The two data points for BiFeO3 correspond to the T/R
and the R/T configurations. The dotted line indicates the predicted tilt; it is clear that the lattice
tilt in all four systems can be well described with the facet matching model for strain accommodation. Conversely, it also means that the LSCO/NCCO ramp-edge junctions have a crystalline
grain boundary contact at the interface. First, this is important for the electronic measurements
discussed elsewhere,6,7 but second, it also means that a ramp-edge structure can potentially be used
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to tailor specific, artificial grain boundaries in piezoelectric materials like BiFeO3 to enhance their
piezoelectric properties. A periodic mesa structure in SrTiO3 with ramps on both sides could yield
an artificial realization of the mixed phase state as observed by Zeches et al.34
In summary, nano-focused XRD has allowed us to identify a tilted phase of LSCO in LSCO/
NCCO ramp-edge junctions, also confirmed by HAADF-STEM. We argue that the origin of the
tilting is an interplay between lattice strain and the ramp angle, promoting the LSCO to nucleate
in a tilted phase on the exposed NCCO facets at the ramp interface. Our facet matching model
successfully predicts this behavior for material combinations that have a sufficiently large in-plane
lattice mismatch and have a different c/a ratio, with a potential application in realizing artificial
domain wall structures in piezoelectric materials.
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