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Riccardo Arpaia ,1,* Núria Alcalde-Herraiz ,1 Andrea D’Alessio,1,2,† Evgeny Stepantsov,1,3 Eric Wahlberg ,1,4

Alexei Kalaboukhov ,1 Thilo Bauch ,1 and Floriana Lombardi 1,‡

1Quantum Device Physics Laboratory, Department of Microtechnology and Nanoscience, Chalmers University of Technology,
SE-41296 Göteborg, Sweden

2Dipartimento di Fisica, Politecnico di Milano, piazza Leonardo da Vinci 32, I-20133 Milano, Italy
3Shubnikov Institute of Crystallography of the Federal Scientific Research Centre “Crystallography and Photonics”

of the Russian Academy of Sciences, Leninskiy prospekt 59, Moscow RU-119333, Russia
4RISE Research Institutes of Sweden, Box 857, SE-50115 Borås, Sweden

(Received 23 November 2023; revised 27 February 2024; accepted 1 April 2024; published 25 April 2024)

In underdoped cuprate high-Tc superconductors, various local orders and symmetry-breaking states, in addi-
tion to superconductivity, reside in the CuO2 planes. The confinement of the CuO2 planes can therefore play a
fundamental role in modifying the hierarchy between the various orders and their intertwining with superconduc-
tivity. Here we present the growth of a-axis oriented YBa2Cu3O7−δ films, spanning the whole underdoped side
of the phase diagram. In these samples, the CuO2 planes are confined by the film thickness, effectively forming
unit-cell-thick nanoribbons. The unidirectional confinement at the nanoscale enhances the in-plane anisotropy of
the films. By x-ray diffraction and resistance vs temperature measurements, we have discovered the suppression
of the orthorhombic-to-tetragonal transition at low dopings, and a very high anisotropy of the normal state
resistance in the b-c plane, the latter being connected to a weak coupling between adjacent CuO2 nanoribbons.
These findings show that the samples we have grown represent a novel system, different from the bulk, where
future experiments can possibly shed light on the rich and mysterious physics occurring within the CuO2 planes.

DOI: 10.1103/PhysRevMaterials.8.044803

I. INTRODUCTION

Cuprate high critical temperature superconductors (HTSs)
represent a prominent example of compounds dominated by
strong electron-electron correlations. Here all the relevant
physics takes place in planes, where a single copper atom
is at the center of a square of oxygen ligands. Despite this
apparent simplicity, these materials host some of the most
intricate quantum phases, dominated by strong interactions
between spin, charge, and orbital degrees of freedom, which
are controlled by the element atomic positions within the
crystal lattice [1]. Unraveling such intricate ground state
is a grand challenge: the large electron-electron repulsion
and the consequent short-range antiferromagnetic correla-
tions, within the low-dimensional CuO2 planes [see orange
surfaces in Fig. 1(a)], render HTS systems intrinsically dif-
ferent from standard metals, generally well understood in
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terms of the Landau Fermi liquid paradigm. The result-
ing phase diagram, as a function of the doping and of
the temperature, is very rich and complex, hosting many
intertwined and/or competing local ordering phenomena
breaking the rotational/translational symmetry [2,3]. Exam-
ples of these orders, all residing within the CuO2 planes,
are charge density waves (CDWs) [4–6] and charge den-
sity fluctuations [7–11], spin density waves (SDWs) [12,13],
electronic nematicity [14–16], orbital currents [17,18], and
possibly an unconventional spatially modulated Cooper pair
density [19,20].

Because of this complexity, new experimental strategies
are needed to control the interactions and emergent properties
and to establish the hierarchy between cause and effect among
the different orders [21].

A common approach, used to tune the local properties
of cuprate HTSs, is to grow them in thin-film form. The
epitaxial strain induced by the substrate has been used to
control the atomic positions and therefore the strengths of the
interactions. More in general, strain allows one to control the
critical temperature [22], as well as the magnetic-exchange
interaction [23], the nematicity [16,24], and the charge density
waves [25–29].

The ultimate manipulation of the HTS cuprates could
be represented by the confinement of the CuO2 planes on
the nanoscale—a realm which is still largely unexplored. In
this limit, possibly degenerate ground states, different from
those of the corresponding bulk, could become favorable.
A way to confine the CuO2 planes is to grow high-quality
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FIG. 1. CuO2 nanoribbons from YBCO. (a) YBCO unit cell. The
CuO2 planes where superconductivity, as well as various electronic
local orders, reside, are highlighted in orange. (b) By growing a-axis
oriented YBCO films, the CuO2 planes form ribbons of nanometer
width, confined in one direction by the film thickness t .

a-axis oriented thin films. In a-axis films, the CuO2 planes,
hosting superconductivity, are constrained in one direction
by the thickness of the film and are hence shaped into a
quasi-one-dimensional geometry, effectively forming CuO2

ribbons of nanometer width, perpendicular to the substrate
[see Fig. 1(b)]. One can expect that this confinement influ-
ences the properties of the nanoscale ordering phenomena,
whose characteristic lengths are comparable with the lateral
dimensions of the CuO2 ribbons [4,19,30].

The growth of high-quality epitaxial a-axis films is how-
ever challenging: differently from the c-axis counterpart,
a-axis grains nucleate at rather low deposition tempera-
tures [31], which favor the growth of less homogeneous
films, with poor crystallinity [32]. Despite considerable ef-
forts to produce optimally doped films and heterostructures
of high quality [33–50], the impact of CuO2 confinement
on the cuprate phase diagram requires the growth of under-
doped films, where the majority of local orders manifest [1,2].
Therefore, achieving controlled variation of the doping level
is crucial, while maintaining the anisotropic characteristics
of the bulk material, i.e., growing fully detwinned samples.
These tasks are challenging even for c-axis oriented films and
have never been successfully executed with a-axis oriented
films.

We have previously reported the growth of high-quality
optimally doped a-axis oriented YBa2Cu3O7−δ (YBCO) thin
films [48]. In this work we present the properties of a-axis
oriented YBCO thin films, at various doping levels from the
optimally doped down to the insulating state, obtained by a
careful oxygen annealing procedure. X-ray diffraction (XRD)
analysis shows that the films are fully detwinned, implying
the presence of CuO chains, aligned throughout the sample
along the in-plane b direction. By varying the film thickness
up to 800 nm, we have verified the dominant role of strain in
this peculiar system. We find that the unit cell differs from the
bulk even at dimensions of several hundred nanometers. The
resistance vs temperature measurements are characterized by
sharp superconducting transitions, showing that the supercon-
ducting properties of the films are rather homogeneous. We
observe a strong in-plane anisotropy of the resistance, compa-
rable, also for rather thick films, to the best results achieved
on detwinned single crystals. This opens up the possibility of
studying potential modifications of the ground state induced
by confinement in films of only a few unit cells’ thickness.

II. THIN-FILM GROWTH AND ROLE OF THE
OXYGEN ANNEALING

To favor the growth of a-axis oriented films, we have de-
posited by rf sputtering, at a power of 50 W and pressure of 0.1
mbar (Ar : O2 = 4 : 1), a 90 nm thick film of PrBa2Cu3O7−y

(PBCO), acting as an insulating buffer layer, on a (100)
SrLaGaO4 (SLGO) substrate [51]. The temperature is grad-
ually increased during the deposition from 660 ◦C, where the
first nuclei are formed, up to 830 ◦C. After the deposition of
this buffer layer, which is known to promote the growth of
homogeneous a-axis superconducting films, with high crys-
tallinity [36,39], the sample is transferred in situ to a pulsed
laser deposition chamber. Here, a YBCO film, with a thick-
ness varying in the range 50–800 nm, is deposited at 805 ◦C
and an oxygen pressure of 0.9 mbar. By slowly decreasing
the temperature after the deposition, at an oxygen pressure of
900 mbar, we achieve slightly overdoped films where the CuO
chains are fully oxidized. The next step to obtain underdoped
films is the removal of oxygen from the CuO chains, so to get
access to the underdoped side of the YBCO phase diagram. In
the case of c-axis oriented YBCO films, we have succeeded by
carefully tuning the in situ postannealing, i.e., cooling down
the film soon after the deposition at a 5◦/min rate, with an
oxygen pressure reduced from 900 mbar down to 1 × 10−5

mbar, depending on the required doping level [52,53]. We
have applied this procedure to the a-axis oriented films, and
performed a transport characterization via resistance vs tem-
perature R(T ) measurements. A typical result, for a 300 nm
thick film in situ annealed at a pressure of 1 × 10−3 mbar, is
shown in Fig. 2(a). The zero resistance critical temperature is
reduced down to 50 K, as expected for an underdoped film.
However, the onset of the superconducting transition is at

FIG. 2. Dependence of the superconducting transition of a-axis
YBCO thin films on the oxygen annealing. (a) The resistance mea-
sured along the c-axis direction, Rc, normalized to the maximum
value Rmax, is plotted vs temperature for a 300 nm thick underdoped
film, achieved using an in situ annealing oxygen pressure pann =
1 × 10−3 mbar. In the inset, the derivative of the Rc(T ) highlights the
pronounced broadening of the superconducting transition. (b) Rc(T )
is presented for an underdoped film, obtained by applying the same
annealing pressure used for the film in panel (a), but ex situ. The
homogeneity of the film is proven by a rather sharp superconducting
transition, as highlighted in the inset.
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T ∼ 91 K, which hints at the presence of residual optimally
doped domains. Therefore this annealing procedure, that we
have successfully used for c-axis oriented YBCO films, can-
not be implemented for a-axis oriented YBCO films, since it
leads to films with inhomogeneous doping. The result is not
surprising, considering the nanoribbon-like structure of the
a-axis films: the oxygen planes are strongly exposed to the
environment, which alter the oxygen diffusion conditions for
achieving a homogeneous oxygen content across the whole
film [54–56]. Here it is worth mentioning that performing a
longer in situ annealing at an intermediate temperature during
the cooling does not improve the superconducting properties
and the sample homogeneity. To overcome this issue, we have
used an alternative approach, already successfully employed
in modifying the oxygen doping in c-axis oriented films [57]:
starting from a high-quality slightly overdoped film, we de-
crease the oxygen doping with a separate step. The annealing,
which changes the oxygen doping, is performed ex situ, in a
reduced oxygen pressure (in the range of 10−5 to 102 mbar,
depending on the desired doping level) for 9 h at 650 ◦C.
Keeping a constant pressure, the film is subsequently cooled
down to room temperature using a constant cooling rate of
5◦/min. Figure 2(b) shows the results of this procedure: the
film, annealed ex situ using the same oxygen pressure as the
film shown in Fig. 2(a), presents instead a rather sharp super-
conducting transition, reflecting the high level of homogeneity
of the sample.

This latter procedure offers the advantage to be able to
modify the doping of the same film several times. The whole
underdoped side of the phase diagram can therefore be ex-
plored using a single sample, in which only the oxygen
content is modified.

III. STRUCTURAL CHARACTERIZATION: COMPLETE
DETWINNING AND STRAIN-INDUCED

ORTHORHOMBICITY

A thorough XRD analysis has been performed using a four-
circle Panalytical X’pert diffractometer with CuKα radiation
(λ = 1.5406 Å), incorporating a hybrid Ge(220) monochro-
mator and a PIXcel 3D detector matrix. The primary objective
of the analysis is to determine the structural properties of the
ex-situ-annealed underdoped a-axis films.

The symmetrical 2θ -ω scans [see Fig. 3(a)] confirm what
has been previously observed on the as-grown, fully oxy-
genated films, i.e., that the films are highly crystalline and
a-axis oriented, with a negligible contribution coming from
possible c-axis oriented grains. The homogeneity of the films
is doping independent, as proved by the full width at half max-
imum (FWHM) of the (300) YBCO Bragg peak, �2θ (300),
which remains constant from the slightly overdoped down to
the undoped region [see left inset of Fig. 3(a)].

To get more insight into the twinning state of these sys-
tems, we have performed symmetrical 2θ -ω maps in the 2θ

FIG. 3. Complete detwinning in a-axis oriented YBCO films. (a) Symmetrical 2θ -ω scan of a 300 nm thick underdoped film. The arrows
show the positions where the (00n) YBCO reflections should be for a c-axis oriented film. The inset on the left shows the FWHM of the (300)
YBCO Bragg peak, �2θ (300), as a function of p. (b) Symmetrical 2θ -ω map of a 800 nm, slightly underdoped YBCO film. Asymmetrical 2θ -ω
maps on the same sample are performed with the momentum q parallel either to (c) the c-axis or to (d), (e) the b-axis direction. Panel (d) is the
line scan, highlighted in panel (e) by the dashed line. (f) The untwinning degree, determined by the intensity of the measured Bragg peaks, is
plotted as a function of the film thickness.
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TABLE I. Summary of the lattice parameters, related to the 300 nm thick YBCO films, extracted from the maps in Fig. 5. In parentheses,
the bulk lattice parameters of YBCO (from [62]) and PBCO (from [63] and [64] respectively for the undoped and doped compound) are
reported. In the last column, the volume abc of the various unit cells is reported, confirming the Poisson effect in our samples.

Material a (Å) b (Å) c (Å) V (Å3)

SrLaGaO4 3.842 3.842 12.678 187.140
PrBa2Cu3O6 3.915 (3.906) 3.890 (3.906) 11.88 (11.824) 180.92 (180.40)
PrBa2Cu3O7 3.916 (3.913) 3.885 (3.916) 11.76 (11.712) 178.91 (179.46)
YBa2Cu3O6 3.848 (3.86) 3.869 (3.86) 11.82 (11.817) 175.98 (176.07)
YBa2Cu3O7 3.825 (3.819) 3.885 (3.886) 11.68 (11.68) 173.57 (173.34)

region around the (300) peaks of PBCO and YBCO [see
Fig. 3(a)]. A third peak is visible, at intermediate angles
between these two, whose intensity grows when the film thick-
ness increases. This is the (030) YBCO reflection, associated
to the b axis: a small fraction of the a and b axis is randomly
exchanged; i.e., a small a-b twinning occurs. We get confirma-
tion of that, performing asymmetrical 2θ -ω maps around the
(038)-(308) YBCO reflections along the c-axis direction [see
Fig. 3(c)], and ascertaining the presence of a rather weak (038)
peak. Rotating the sample by 90 degrees, and performing the
same measurement along the b-axis direction, an extremely
weak (308) reflection appears [see Figs. 3(d) and 3(e)]. In this
configuration, the detection of any (�0n) Bragg peaks should
be forbidden, since the scattering plane has no component
along the c-axis direction. This unexpected peak is therefore
related to a random exchange, a twinning, of the b and c axis.
From the intensity of the YBCO reflections in the symmetrical
and asymmetrical maps, we have calculated the detwinning
degrees as a function of the film thickness [see Fig. 3(f)].
The detwinning b/c is thickness independent, and close to
99%. The detwinning b/a gets instead smaller by increasing
the film thickness from 50 to 800 nm, going from ∼97% to
∼88%. In particular for the thinnest films, this corresponds
to a nearly complete detwinning, comparable to that in single
crystals, and better than any result achieved so far for YBCO
thin films [58–60].

From the positions of the YBCO reflections in the symmet-
rical and asymmetrical maps, we have extracted information
about the structure of the thin films and on the modification
of the unit cell induced by the strain and by confinement
effects. The length of the c-axis parameter increases as the
ex situ oxygen pressure is decreased. This proves that our
process is effective in varying the oxygen concentration within
the films. The doping p can therefore be estimated, by the
combined knowledge of the c-axis parameter and of the Tc,
using a procedure already successfully used for YBCO single
crystals [61] and thin films [52]. Finally, we can plot the a-, b-,
and c-axis lengths vs p [see Figs. 4(a) and 4(b)]. The YBCO c
axis is relaxed, with a length almost coinciding with the bulk
value [62] already at a thickness of 50 nm. When reducing
the oxygen doping, a remarkable effect of the strain on the
YBCO a- and b-axis parameter occurs. The orthorhombic to
tetragonal transition, usually happening below p ∼ 0.06 [62],
is indeed absent. This is evident already from the symmetrical
2θ -ω scans [see Figs. 4(c) and 4(d)]: comparing an insulating
to a slightly underdoped sample, one can notice that the (030)
and (300) peak positions get much closer in the undoped case,
but are still distinct.

To comprehensively address the strain mechanism in our
films, at the origin of the suppression of the orthorhombic to
tetragonal transition, we have examined two extreme doping
cases, namely, near-zero doping and a doping level of 0.18.
For each of these two samples, we conducted reciprocal space
maps (RSMs) of the (200), (309), and (330) reflections of
SLGO, PBCO, and YBCO (see Fig. 5), which also provided
insights into the lattice parameters of the different layers (see
Table I).

The symmetric RSMs in Figs. 5(a) and 5(b) show a perfect
alignment of the YBCO (200) and PBCO (200) reflections
with the SLGO (200) reflection at both doping levels, which
supports the high texture of the films.

With knowledge of the out-of-plane a-axis parameter for
both PBCO and YBCO, we determined the in-plane pa-
rameters and strain conditions by performing RSMs of the
asymmetrical (309) [see Figs. 5(c) and 5(d)] and (330) [see
Figs. 5(e) and 5(f)] reflections. The maps confirm the piv-
otal role of the PBCO layer in determining the final crystal
structure of the YBCO film. First, the PBCO c-axis parameter
mediates the tension between the substrate and the YBCO
layer, accommodating the significant strain along the in-plane
[001] direction (with a lattice mismatch of about 7%–8%
between substrate and film). As we can see in Figs. 5(c)
and 5(d), the PBCO layer exhibits a tensile strain along this
direction, resulting in a broad (309) reflection, indicative of
a mosaic structure, with the c-axis parameter expanding by
0.5% relative to bulk values. This allows the relaxation of the
YBCO c axis toward bulk parameters at any doping levels [as
also observed in Fig. 4(a)], reducing the mosaicity along that
direction. Second, the PBCO b-axis parameter significantly
influences the final structure of the YBCO layer. This occurs
because its length is close to, though slightly longer than,
those of SLGO and YBCO, and weakly doping-dependent
compared to the YBCO b axis. Independently of the dop-
ing level, the PBCO b axis is compressively strained by the
substrate to a value (b = 3.89 Å) that is very close to that of
slightly overdoped YBCO. Consequently, a doping-dependent
strain is induced by the PBCO into the YBCO layer. In the
p = 0.18 sample [see Fig. 5(f)], the PBCO and YBCO (330)
reflections have almost identical q[010] component: the YBCO
b axis is subject to a tiny strain and preserves its bulk value. In
the undoped sample [see Fig. 5(e)], the tensile strain applied
by the PBCO layer maintains the YBCO b axis longer than the
a axis (which undergoes shrinkage due to the Poisson effect;
see Table I), leading to the disappearance of the orthorhombic-
to-tetragonal transition. This evidence is clearly depicted in
Fig. 5(e), where the YBCO (330) reflection remains notably
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FIG. 4. Locking of the CuO2 planes in a-axis oriented YBCO
films. (a) The c-axis parameter, extracted from the (�00) and (�0n)
Bragg reflections, is shown as a function of the doping p for films
of different thickness. For each sample, p has been determined based
on the c-axis length, and then utilizing the critical temperature Tc

measured via transport (see Sec. IV) and the empirical parabolic rela-
tionship connecting doping and Tc in cuprate HTS [52,61]. Notably,
all data points for the 50 nm thickness have been collected from a
single, multiply annealed thin film. (b) The a- and b-axis parameters,
extracted from the (�00) and (�m0) Bragg reflections, are plotted vs
p for different 300 nm thick films. (c), (d) The symmetrical 2θ -ω
scans respectively of an insulating (p ∼ 0) and of an underdoped
(p = 0.14) film are compared. The decomposition of the data into
three Voigt profiles associated to the (300) PBCO, the (030) YBCO,
and the (300) YBCO reflections shows first that the PBCO layer
is unaffected by the annealing procedure, as the peak position is
unchanged vs doping, and second, that the two YBCO peaks, related
to the CuO2 planes, are distinct, even though they get closer, in the
undoped sample. To facilitate the comparison, the vertical bars show
the position of the two YBCO peaks in the doped sample.

distant from the dashed line corresponding to the tetragonal
line a = b. In conclusion, the strain has important conse-
quences on the crystal structure: the CuO2 planes, which are
confined by the nanoscale film thickness along a, are also
influenced by the substrate and seed layer, which lock the
value of the b axis. What is remarkable is that this locking
also occurs in films, with thicknesses significantly exceeding

FIG. 5. Suppression of the orthorhombic to tetragonal transition.
(a), (b) Symmetric and (c)–(f) asymmetric RSMs of two 300 nm thick
a-axis oriented YBCO films. Panels (a), (c), (e) refer to an undoped
sample, while panels (b), (d), (f) refer to a fully oxygenated sample.
(a), (b) Symmetric map of the (200) reflections of the SLGO, PBCO,
and YBCO. (c), (d) Asymmetric map of the (309) reflections of the
SLGO, PBCO, and YBCO. (e), (f) Asymmetric map of the (330)
reflections of the SLGO, PBCO, and YBCO. In panels (e) and (f),
the dashed line represents the tetragonal line a = b. The a, b, and
c axis parameters can be determined from the RSM peaks via a =
�/q[100], b = m/q[010], and c = n/q[001], where �, m, and n are the
Miller indices of the peak (�mn).

the relaxation threshold observed in c-axis oriented YBCO
films [65] [see Figs. 4(b) and 5(e)].

IV. TRANSPORT CHARACTERIZATION

To measure the resistance vs temperature R(T ) along the
two in-plane directions of the films, we employed very elon-
gated Hall-bar-like structures (see Fig. 6), realized by a soft
patterning procedure we have developed over years for vari-
ous cuprate HTSs [48,53,66]. The current is applied at the two

044803-5



RICCARDO ARPAIA et al. PHYSICAL REVIEW MATERIALS 8, 044803 (2024)

FIG. 6. Scanning electron microscopy image of the structures
used for the measurements of the nanoribbon resistivity. The 1 mm
long and 100 µm wide Hall bars are oriented along either the b-axis
or the c-axis direction of the YBCO film.

extremities of the bars, with the two voltage probes positioned
10 squares apart. The choice of this geometry is motivated by
the high in-plane resistivity anisotropy expected in our films,
due to the weak coupling between adjacent CuO2 planes, i.e.,
along the c-axis direction. Consequently, the standard van der
Pauw method [67], which assumes isotropic resistivity and
homogeneous resistivity distribution, cannot be applied.

We have performed our measurements on samples with
thicknesses in the range between 50 and 800 nm, and with
doping levels going from the undoped up to the slightly over-
doped. In the following, we will focus however only on the
results related to the 300 nm thick films. An overview of
the resistivity measurements vs temperature along the b-axis
direction, Rb(T ), is shown in Figs. 7(a)–7(c). The curves refer
to different doping levels and are characterized by rather sharp
superconducting transitions and by a normal state resistance,
qualitatively following the typical dependencies observed in
c-axis oriented films [see Fig. 7(d)] [52,57,68–70]. This refers
in particular to the doping-dependent crossover temperature
TL, inferred by the departure from the linear-in-T behavior
of the resistance at high temperature, which appears as a sort
of boundary between the unconventional strange metal phase
and a region where the material loses low-energy electronic
excitations (the pseudogap region). A summary of the param-
eters extracted for the films of Fig. 7 is shown in Table II.

Figure 8 shows instead the R(T ), along both the in-plane
directions, of a typical 300 nm thick film, at a doping level
(p ∼ 0.09) where the CuO2 planes—here confined at the
nanoscale—have been shown to host both spin [12] and
charge density waves [4]. In the normal state, a resistivity
anisotropy much stronger than in optimally doped YBCO
(Rc/Rb ≈ 60 at room temperature [71,72]) is present. This
is expected, as a consequence of the weaker coupling be-
tween the CuO2 planes, occurring in the underdoped regime
because of the increased c-axis length, i.e., of the increased
distance between the planes. In our case, at room temperature,
Rc/Rb ≈ 70 for the optimally doped films; when decreas-
ing the oxygen doping, Rc becomes ∼100 times larger than
Rb. This anisotropy, comparable to the best results on de-
twinned single crystals [72,73], is reported for the first time in

FIG. 7. Doping dependence of nanoribbon resistivity. Panels (a)–
(c) show ρb(T ) for various 300 nm thick films at different oxygen
doping levels. The critical temperature Tc for each film is determined
from the maximum of the first derivative of ρb(T ). TL (violet circles),
marking the crossover between the pseudogap region and the strange
metal phase, is the temperature below which the resistivity ρb(T )
deviates by 1% from the high-temperature linear fit of the curves,
performed in the interval 280 K < T < 300 K. Notably, all ρb(T )
datasets are extensive, featuring a sub-Kelvin temperature step size.
Panel (d) presents a phase diagram constructed from the obtained
values of Tc and TL, exhibiting good agreement with the supercon-
ducting (SC) and strange metal (SM) regions observed in YBCO
single crystals and c-axis oriented films [52,68].

TABLE II. Summary of the parameters related to the 300 nm
thick films presented in Fig. 7. The films have been achieved by
varying the ex situ annealing pressure pann across a seven orders
of magnitude range, spanning from fully oxygenated to undoped
samples. From the R(T ) of the films at different doping levels we
have extracted Tc and TL, following the procedure described in the
caption of Fig. 7. Finally, for each film the doping level p has been
determined by the combined knowledge of Tc and of the c-axis
length [11,52,61].

pann (mbar) Tc (K) TL (K) p

6.0 × 10−5 (> 280) 0
3.2 × 10−4 45 (> 280) 0.09
1.0 × 10−3 56 260 0.10
1.1 × 10−2 88 183 0.14
1.0 × 100 91 133 0.16
9.0 × 102 86 0.19

044803-6



ENGINEERING UNDERDOPED CUO2 NANORIBBONS IN … PHYSICAL REVIEW MATERIALS 8, 044803 (2024)

FIG. 8. Anisotropic transport properties of underdoped 300 nm
thick CuO2 nanoribbons. Sheet resistances Rb

�(T ) (squares) and
Rc

�(T ) (circles) of an underdoped (p = 0.09) film. The inset, where
the tails of the superconducting transition of the two measurements
are presented on the same vertical scale, highlights the lower zero
resistance critical temperature occurring along the c axis.

underdoped a-axis oriented YBCO thin films. This suggests
that the coupling between adjacent CuO2 planes is weak
already in rather thick films, as also highlighted by the
insulator-like temperature dependence of Rc, and that it can be
possibly made even weaker in few-unit-cell-thick films, where
the effect of the confinement is enhanced.

Furthermore, as shown in the inset of Fig. 8, the zero
resistance critical temperature is also anisotropic, being
lower along the c-axis direction. This suggests a weaker
interlayer Josephson coupling along the c axis, reminis-
cent of the observations in underdoped “214” cuprates like
La2−xBaxCuO4 [74]. In this rather special cuprate family, this
occurrence has been theoretically associated to the formation
of stripes, where CDWs and SDWs are coupled, and to the
presence of pair density waves [20]. The appearance of a
similar phenomenology in YBCO might indicate the potential
influence of confinement on the material ground state, with
modified CDWs and SDWs compared to the bulk. The investi-
gation of these local orders in underdoped CuO2 nanoribbons
will be object of future work, extending beyond the scope of
the present study.

V. CONCLUSIONS

We have presented the fabrication and characterization
of underdoped CuO2 nanoribbons, realized by employing
a-axis oriented YBCO thin films. The oxygen doping is
tuned by using an ex situ annealing procedure, which al-
lows the achievement of films covering a broad region of
the HTS phase diagram, going from the undoped insulator

up to the slightly overdoped level. Taking advantage of the
fast oxygen diffusion in the a-b planes, which are open in
our films, this procedure demonstrates its effectiveness to
vary the oxygen doping up to high thicknesses (of the order
of 800 nm). Structural XRD characterization demonstrates
that the films are nearly totally detwinned, and the strain
affects the crystal structure, up to the largest investigated
thickness: the CuO2 planes have a nanoribbon shape, which
inhibits the orthorhombic-to-tetragonal transition and possi-
bly induces the system to be more anisotropic than in the
bulk. The homogeneity of the films has been demonstrated by
R(T ) measurements, showing rather narrow superconducting
transitions. The transport properties exhibit notable in-plane
anisotropy in both normal state resistance and critical temper-
ature, indicative of weak coupling between the CuO2 planes.

The system we have engineered, where CuO2 planes are
confined into nanoribbons, stands out as a natural candidate
for studying local orders in HTSs at the nanoscale. In this
setting, the effects of strain and confinement may simplify
the underlying physics, offering valuable insights into the
intricacies of these materials.

More in general, this platform holds significant promise
for advancing the understanding of HTSs in both fundamental
physics and practical applications. In terms of basic physics,
a-axis oriented films are inherently suitable for pump probe
experiments. The intense electric field of mid-infrared light
pulses can align with the crystallographic c axis, which over-
comes limitations in c-axis oriented samples, where electric
field interactions are restricted to in-plane excitations. The
electronic structure of cuprates and the position of apical
oxygen atoms get therefore strongly altered [75], which can
provide valuable insights into the phenomenology behind
light-induced superconductivity [76]. On the practical side,
films oriented along the a axis, where the superconducting
coherence length is approximately an order of magnitude
longer than along the c axis, offer an ideal system for fab-
ricating high-performance Josephson junctions, which are
crucial components for superconducting electronics applica-
tions [77,78].
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P. Orgiani, D. Montemurro, T. Bauch, and F. Lombardi,
Transport properties of ultrathin YBa2Cu3O7−δ nanowires: A
route to single-photon detection, Phys. Rev. B 96, 064525
(2017).

[70] Z. Sefrioui, D. Arias, M. Varela, J. E. Villegas, M. A. Lopez de
la Torre, C. León, G. D. Loos, and J. Santamaria, Crossover
from a three-dimensional to purely two-dimensional vortex-
glass transition in deoxygenated YBa2Cu3O7−δ thin films, Phys.
Rev. B 60, 15423 (1999).

[71] T. A. Friedmann, M. W. Rabin, J. Giapintzakis, J. P. Rice, and
D. M. Ginsberg, Direct measurement of the anisotropy of the
resistivity in the a-b plane of twin-free, single-crystal, super-
conducting YBa2Cu3O7−δ , Phys. Rev. B 42, 6217 (1990).

[72] K. Takenaka, K. Mizuhashi, H. Takagi, and S. Uchida, Inter-
plane charge transport in YBa2Cu3O7−y: Spin-gap effect on
in-plane and out-of-plane resistivity, Phys. Rev. B 50, 6534
(1994).

[73] V. Zverev and D. Shovkun, Anisotropy of normal resistivity in
oxygen-deficient YBa2Cu3O7−x single crystals, J. Exp. Theor.
Phys. 72, 73 (2000).

[74] J. M. Tranquada, G. D. Gu, M. Hücker, Q. Jie, H.-J. Kang,
R. Klingeler, Q. Li, N. Tristan, J. S. Wen, G. Y. Xu, Z. J.
Xu, J. Zhou, and M. v. Zimmermann, Evidence for unusual
superconducting correlations coexisting with stripe order in
La1.875Ba0.125CuO4, Phys. Rev. B 78, 174529 (2008).

[75] A. S. Disa, T. F. Nova, and A. Cavalleri, Engineering crystal
structures with light, Nat. Phys. 17, 1087 (2021).

[76] M. Buzzi, M. Först, R. Mankowsky, and A. Cavalleri, Probing
dynamics in quantum materials with femtosecond x-rays, Nat.
Rev. Mater. 3, 299 (2018).

[77] Y. Makhlin, G. Schön, and A. Shnirman, Quantum-state engi-
neering with Josephson-junction devices, Rev. Mod. Phys. 73,
357 (2001).

[78] A. Blais, A. L. Grimsmo, S. M. Girvin, and A. Wallraff, Circuit
quantum electrodynamics, Rev. Mod. Phys. 93, 025005 (2021).

044803-10

https://doi.org/10.1007/s002570050110
https://doi.org/10.1103/PhysRevB.94.060503
https://doi.org/10.1142/97898145034640017
https://doi.org/10.1073/pnas.1301989110
https://doi.org/10.1103/PhysRevB.96.064525
https://doi.org/10.1103/PhysRevB.60.15423
https://doi.org/10.1103/PhysRevB.42.6217
https://doi.org/10.1103/PhysRevB.50.6534
https://doi.org/10.1134/1.1312015
https://doi.org/10.1103/PhysRevB.78.174529
https://doi.org/10.1038/s41567-021-01366-1
https://doi.org/10.1038/s41578-018-0024-9
https://doi.org/10.1103/RevModPhys.73.357
https://doi.org/10.1103/RevModPhys.93.025005

