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Epitaxial growth and superconductivity of optimally doped Sr1−xEuxCuO2 cuprate films
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Superconducting infinite-layer Sr1−xEuxCuO2 films at optimal doping (x ∼ 0.15) have been epitaxially grown
on SrTiO3(001) substrates with oxide molecular beam epitaxy. By combining x-ray diffraction and transport
measurements, we have established a narrow window of growth conditions [i.e., ozone pressure, substrate tem-
perature, (Sr + Eu)/Cu flux ratio, and postannealing] in which the superconducting infinite-layer structure can
be readily achieved while eliminating any unwanted competing phases. A smaller out-of-plane lattice constant
(c < 3.42 Å) is found to be crucial to prompt superconductivity in the Sr1−xEuxCuO2 films. Thickness-dependent
electrical resistivity measurements reveal superconductivity even when the film thickness is thinned down to
5 nm. Furthermore, the superconducting state of the epitaxial infinite-layer films remains remarkably stable
against air exposure, providing an ideal platform to explore the high-temperature superconductivity and unusual
properties in cuprates.

DOI: 10.1103/PhysRevMaterials.7.074802

I. INTRODUCTION

Infinite-layer (IL) A CuO2 (A = Ca, Sr, Ba) compounds
have the simplest crystal structure of all cuprate supercon-
ductors, where the superconducting CuO2−

2 layer and A2+
ionic layer as charge reservoirs are stacked alternately along
the c-axis direction [1–4]. Superconductivity arises upon ap-
propriate electron doping by partial replacement of A2+ by
trivalent ions of lanthanides, with the highest transition tem-
perature (Tc) of 43 K previously reported in Sr1−xLaxCuO2

[5]. More importantly, it was evident that the IL cuprates
are uniquely terminated by the quintessential superconduct-
ing CuO2 planes [6–8], which contrast markedly with other
cuprate superconductors that are often terminated by the
charge reservoir layers, e.g., BiO for the bismuth-based
cuprates [9–11]. Therefore, the IL cuprates naturally serve as
an ideal system to explore directly the electronic structure of
CuO2 planes and are beneficial to understand the microscopic
mechanism of high-Tc superconductivity in cuprates [12,13].
Actually, the robust Mott-Hubbard band structure against
ambipolar chemical doping, nodeless superconductivity, and
lattice vibrations have been experimentally observed on CuO2

that challenge unconventional wisdom of the cuprate su-
perconductors [14–17]. Unfortunately, the available research
on metastable IL cuprates is largely constrained by the dif-
ficulty of high-quality single-crystalline material synthesis
[18–20], especially their close proximity to competing Sr-Cu-
O compounds of Sr2CuO3, Sr14Cu24O41, and orthorhombic
SrCuO2 [21–24]. The situation becomes even worse by the
limited solubility of lanthanides explored before, which has

*Corresponding author: clsong07@mail.tsinghua.edu.cn
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imposed severe restrictions on the available electron doping
range [20,25].

Efforts on epitaxial growth of IL cuprate films on
SrTiO3(001) substrates by ozone-assisted molecular beam
epitaxy (OMBE) have recently led to the successful prepara-
tion of Sr1−xEuxCuO2 (SECO) superconducting samples over
a wide doping range (x up to 0.25), in which percolative
superconductivity has been identified [26]. Compared to the
previously explored lanthanum and neodymium dopants, the
lanthanide europium has a smaller ionic radius (0.947 Å) and
more effectively reduces the in-plane lattice constant mis-
match (∼1.1%) between the SrTiO3 (3.905 Å) and SECO
(∼3.95 Å) thin films that thus benefit the emergence of super-
conductivity [27]. In this work, we combine x-ray diffraction
(XRD) and electrical transport measurements to systemati-
cally investigate OMBE-grown SECO films at the optimal
doping (x ∼ 0.15), which enables us to establish the epitaxial
growth recipe for optimal superconductivity in IL cuprate
films. At a fixed ozone pressure, the (Sr + Eu)/Cu flux ratio
and postannealing are revealed to be essentially important to
access the superconducting single-crystalline SECO films, in
which Laue fringes and a step-terrace surface are apparently
observed. Furthermore, we find that the superconductivity is
sustained in SECO films, even at a thickness of 5 nm, and is
highly stable against air exposure.

II. METHODS

Our experiments were carried out in a homemade OMBE
system, integrated with an ozone gas delivery system. Semi-
insulating SrTiO3(001) substrates with ∼0.05 wt% niobium
dopants were first degassed at 600 ◦C overnight and then
annealed at 1200 ◦C for 20 minutes to obtain an atomically
flat surface. Prior to SECO film epitaxy, fluxes of high-purity
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FIG. 1. (a) XRD θ -2θ patterns of epitaxial SECO films grown with various flux ratios of (Sr + Eu)/Cu as indicated. (b) XRD intensity
of various Sr(Eu)-Cu-O phases as a function of the (Sr + Eu)/Cu flux ratio. (c) (Sr + Eu)/Cu flux ratio-ozone pressure phase diagram
of the Sr-(Eu)-Cu-O system. (d) Substrate temperature dependence of out-of-plane lattice constant c for both the IL SECO and long-c
phases.

copper (99.9999%), strontium (99.95%), and europium
(99.9%) metal sources are finely calibrated in sequence
by using a standard quartz crystal microbalance (Inficon
SQM160H). Epitaxial SECO thin films were subsequently
prepared by codeposition of all metal sources under desired
ozone beams, monitored by time-resolved reflection high-
energy electron diffraction (RHEED). The growth rate of
SECO films was typically 5.5 Å per minute. After postanneal-
ing treatment in an ultra-high vacuum (UHV), the samples
were transferred out of the UHV chamber for ex situ XRD
measurements using monochromatic copper Kα1 radiation
with a wavelength of 1.5406 Å. The resistivity measurements
were conducted on a standard physical property measurement
system (Quantum Design) via a four-terminal configuration.

III. RESULTS

Provided many competing phases in the Sr(Eu)-Cu-O sys-
tem, we started with an analysis of the major role of the

nominal flux ratio of Sr + Eu and Cu sources during the
epitaxial growth. Figure 1(a) depicts the representative XRD
patterns of the epitaxial SECO films with different (Sr +
Eu)/Cu flux ratios at a fixed ozone pressure of 1.0 × 10−5

Torr and a substrate temperature of 540 ◦C. One can im-
mediately see that the high-quality SECO thin films with a
pure IL structure are formed in an intermediate (Sr + Eu)/Cu
flux ratio of ∼1.47. Otherwise, the orthorhombic SrCuO2
(O-SrCuO2) and Sr2CuO3 develop at a higher flux ratio,
while the spin ladder Sr14Cu24O41 dominates at a lower flux
ratio (∼1.24). In addition, we observe that the XRD inten-
sity of the IL SrCuO2 peak is significantly suppressed when
the (Sr + Eu)/Cu flux ratio changes slightly by 0.1, hinting
at an extremely narrow window for the epitaxial growth of
high-quality, single-phase IL SECO films. This can be seen
more clearly in Fig. 1(b), where we have shown the XRD
intensities for various competing phases as a function of the
(Sr + Eu)/Cu flux ratio. The high-quality and single-phase IL
SECO films can only be realized in a narrow window (∼0.1)
of the (Sr + Eu)/Cu flux ratio.
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FIG. 2. (a) XRD patterns around the (002) diffraction peaks of the SECO films grown with different (Sr + Eu)/Cu flux ratios. (b) Electrical
resistivity as a function of temperature for the SECO films grown with various (Sr + Eu)/Cu flux ratios. (c) (Sr + Eu)/Cu flux ratio dependence
of the lattice constant c. (d) (Sr + Eu)/Cu flux ratio dependence of Tc.

The ozone pressure and substrate temperature have also
imposed significant influences on the epitaxial growth of IL
SECO films. In Fig. 1(c), we extract the phase diagram of
the Sr(Eu)-Cu-O system versus the ozone pressure and the
(Sr + Eu)/Cu flux ratio. It appears that the suitable flux ratio
for epitaxial IL SECO (also for the other phases) increases
as the ozone pressure is elevated, which should arise from
the reduction in the strontium and europium flux due to their
easy oxidization on the way depositing onto the substrates
[28]. Furthermore, we find that as the growth temperature
increases to 580 ◦C [Fig. 1(d)], another phase with an ex-
tended out-of-plane lattice constant c, often called the long-c
phase, develops and coexists with the IL SECO films, which is
caused by the excess oxygens occupying the apical positions
of the copper atoms [5,15,29]. To avoid this unwanted long-c
phase, we thereafter fix the ozone pressure and substrate tem-
perature at 4 × 10−6 Torr and 540 ◦C, respectively, in which
the IL SECO epitaxial films are formed in a flux ratio of about
1.0 [Fig. 1(c)].

Having achieved the single-phase IL SECO epitaxial films,
we find that not all samples are superconducting. In order to
improve the film quality further and access superconductivity,
we have to tune more finely the (Sr + Eu)/Cu flux ratio in the
narrow growth window of the IL structure. Figures 2(a) and
2(b) show several representative XRD spectra and the electri-
cal resistivity-temperature curves of the SECO films at varied
(Sr + Eu)/Cu flux ratios, all of which were postannealed at
a growth temperature of 540 ◦C for 60 minutes. It is evident
that a tiny change in the flux ratio (∼0.01) can profoundly
alter the lattice constant and Tc [Figs. 2(c) and 2(d)]. By
increasing the (Sr + Eu)/Cu flux ratio from 1.012 to 1.111,

the position of the (002) diffraction peak of IL SECO films
gradually shifts toward the higher angles of 2θ ; that is, the
c-axis lattice constant gets smaller from 3.429 Å to 3.418 Å.
At the same time, the Laue fringes around the (002) diffraction
peaks become clearer, which means higher crystalline quality
of the IL SECO films. As a result, the electrical resistivity-
temperature curves change from an insulating behavior at a
lower (Sr + Eu)/Cu flux ratio (∼1.012) to superconducting
ones at a higher flux ratio (>1.067). As the (Sr + Eu)/Cu
flux ratio increases more, the superconducting state displays
higher Tc, which can be as high as 21.3 K [Figs. 2(b) and
2(d)]. If we further increase the (Sr + Eu)/Cu flux ratio, the
long-c phase starts to appear and increases in concentration
with an increasing (Sr + Eu)/Cu flux ratio, the underlying
mechanism of which is subject to further investigation. In
any case, our experiments suggest that the (Sr + Eu)/Cu flux
ratio is quite narrow for the epitaxial growth of high-quality,
superconducting IL SECO films.

It should be emphasized that all the as-grown IL SECO
samples exhibit a relatively large (>3.420 Å) c-axis lattice
constant due to the presence of excess apical oxygens that
are generally detrimental to superconductivity. To eliminate
the apical oxygens, an extra reduction after annealing in the
UHV is routinely needed to realize the superconducting state
[3,4,30]. We have thus prepared IL SECO samples under
identical conditions [ozone pressure, substrate temperature,
(Sr + Eu)/Cu flux ratio of ∼1.08], but annealed them at
540 ◦C for various durations, ranging from 0 to 120 min-
utes, as shown in Fig. 3. As a consequence of the optimal
(Sr + Eu)/Cu flux ratio that we used, clear Laue fringes
[Fig. 3(a)] and a superconducting transition [Fig. 3(b)] can be
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FIG. 3. (a) XRD patterns around the (002) diffraction peaks of the SECO films after different postannealing times. (b) Resistivity ρ(T) as
a function of the temperature for SECO films with different postannealing times. (c) Postannealing time dependence of the lattice constant c.
(d) Postannealing time dependence of Tc.

invariably observed in all the SECO epitaxial films. However,
the SECO (002) diffraction peak moves toward higher angles
of 2θ with extended postannealing time; that is, the c-axis lat-
tice constant decreases from 3.426 Å for the as-grown sample
to 3.413 Å for the sample annealed for 120 minutes [Fig. 3(c)].
The reduced c-axis lattice constant strongly shows the re-
moval of excess apical oxygens upon postannealing, which
considerably affects the electrical transport behaviors shown
in Figs. 3(b) and 3(d). For the as-grown sample and the sample
annealed for 10 minutes only, the superconducting transition
is very broad, with a Tc of ∼13.7 K, and the resistivity is finite
even down to 4 K. As the postannealing time increases to 30
to 60 minutes, the superconductivity is obviously enhanced,
with a sharp superconducting transition and zero-resistance
states below Tc ∼ 15.7 K. As the postannealing time is further
prolonged, however, the superconductivity gets weaker. This
implies that a moderate postannealing time of ∼30 to 60
minutes is required to obtain high-quality IL cuprate films
with optimal superconductivity.

Next we investigate the thickness dependence of super-
conductivity for IL SECO cuprate films, given that the film
thickness usually serves as a key factor in determining the
unusual properties of superconductors [31,32]. According to
the well-established growth recipes noted earlier, we have
prepared a series of SECO samples with different film thick-
nesses by finely controlling the (Sr + Eu)/Cu flux ratio
(∼1.08), substrate temperature (540 ◦C), and postannealing
time (30 minutes), and by adjusting the growth time under
an identical deposition rate (∼5.5 Å/minute). The estimated
film thicknesses, ranging from 2.5 nm to 33.6 nm, match

quite nicely with the calculated ones from the Laue fringes
around the SECO (002) diffraction peaks in Fig. 4(a). One
can see that, except for the SECO sample with a thickness
of only 2.5 nm, where the spacing of the Laue fringes is too
large to be recognized, the Laue fringes are clearly observ-
able in other samples. Regardless of the film thickness, all
IL SECO samples are characteristic of a regular step-terrace
surface, as confirmed by our atomic force microscopy (AFM)
images in Fig. 4(b). This hints at a step-flow growth mode
of the IL SECO films on SrTiO3(001) substrates [33], which
matches nicely with our RHEED measurements, presenting
no obvious intensity oscillations. In Figs. 4(c) and 4(d), we
show the electrical resistivity-temperature curves of the IL
SECO films, which reveal an apparent thickness dependence.
Except for the thinnest and insulating sample with a thickness
of only 2.5 nm, other IL SECO films are superconducting
with smaller normal-state resistivity. Importantly, the sharp
superconducting transition can be achieved in IL SECO films
with a thickness of only 5 nm. As far as we know, this is the
thinnest superconducting IL cuprate film. Compared to the
16.4-nm film, the thickest SECO film of ∼33.6 nm exhibits
relatively large resistivity in the normal state, possibly owing
to the film thickness-dependent epitaxial strain.

Last, we comment on the air stability of the superconduct-
ing IL SECO films. Figure 5(a) compares the XRD spectra
of one identical SECO film (∼16 nm) measured just after
growth and after 110 days without a protective coating. Al-
though in the metastable IL phase, no obvious changes can
be observed in both the diffraction peaks and the correspond-
ing intensities, indicating highly air-stable IL epitaxial films
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FIG. 4. (a) XRD patterns around the (002) diffraction peaks of the SECO films with different film thicknesses. (b) AFM images (5 µm ×
5 µm) of SECO films showing a regular step-terrace morphology, regardless of the IL SECO film thickness. (c) and (d) Electrical resistivity
and corresponding normalized resistivity ρ(T)/ρ(40 K) as a function of the temperature for SECO films with different film thicknesses,
respectively.
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on the SrTiO3(001) substrates. This has been further con-
vincingly confirmed by the electrical transport measurements
in Fig. 5(b). After more than three months, the electrical
resistivity-temperature curve can nicely collapse onto the pre-
vious one, especially around the superconducting transition
region [see the inset in Fig. 5(b)], with the same critical
temperature Tc [Fig. 5(b)].

IV. CONCLUSION

In summary, we have succeeded in preparing IL SECO
films at optimal doping on SrTiO3 substrates using the state-
of-the-art OMBE technique, and performed systematic XRD
and electrical transport measurements. This allows us to es-
tablish the growth-phase diagram, based on which one can
readily grow single-phase, superconducting IL SECO films

in a narrow window of growth conditions. We reveal that
the precise control of ozone pressure, substrate temperature,
(Sr + Eu)/Cu flux ratio, and postannealing time are all cru-
cial for realizing the superconductivity of SECO films. The
growth recipes established here, together with the robust
superconductivity against film thickness and air exposure,
render epitaxial IL films an alternative prototype for more
systematic investigations of the electronic structure and su-
perconductivity in cuprates.
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