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Percolative superconductivity in electron-doped Sr_.Eu,CuQ,., films
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Electron-doped infinite-layer Sry_,Eu,CuO,,, films over a wide doping range have been prepared epitaxially
on SrTiO5(001) using reactive molecular beam epitaxy. In-plane transport measurements of the single-crystalline
samples reveal a dome-shaped nodeless superconducting phase centered at x ~ 0.15, a Fermi-liquid behavior
and pronounced upturn in low-temperature resistivity. We show that the resistivity upturn follows square-root
temperature dependence, suggesting the emergence of superconductivity via a three-dimensional percolation
process. The percolative superconductivity is corroborated spectroscopically by imaging the electronic phase
separation between superconducting and metallic phases with low-temperature scanning tunneling microscopy.
Furthermore, we visualize interstitial and apical oxygen anions that rapidly increase in number as x > 0.12 and
elucidate their impacts on the superconductivity and normal-state resistivity.
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The microscopic mechanism of high-temperature super-
conductivity (SC) in cuprates is a long-standing mystery in
condensed-matter physics [1]. Searching for more materials
with analogous traits to cuprates has appealed considerable
research interest [2—4]. It is well known that the cuprate su-
perconductivity emerges upon doping the quintessential CuO,
planes with electrons or holes. A comparative study of the two
opposite doping regimes may serve as a convenient avenue
towards understanding the cuprate superconductors. However,
the available data of cuprates, so far, has been highly clus-
tered in the hole-doped side [5,6]. Much fewer measurements
of electron-doped cuprates are limited to the 7’ family of
Ln,_,Ce,CuQOy4 (Ln = La, Nd, Pr, Sm, Eu, and Gd) [7-12]. No
consensus has been reached on commonalities or distinctions
between the hole- and electron-doped compounds [13,14].
Furthermore, the material synthesis of 7'-type cuprates is
complicated by unwanted competing oxide phases that may
yield erroneous conclusions on their physical properties [15].

Infinite-layer compounds of ACuQO, (A = Ca, Sr, and Ba)
have the simplest crystal structure among all cuprates and
become superconducting after doping electrons by partial sub-
stitution of trivalent metal cations for A%+ [16-18]. Regarding
to the CuO, surface termination, this family of cuprates
is admirably adapted to explore the essence of the copper
oxide superconductors [19-21]. A problem is that they are
metastable and pose significant challenges for single-crystal
synthesis. To date, only limited studies have been conducted
on the epitaxial films of ACuO, doped with La, Nd, Sm,
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and Gd [16-22] with a limited range of electron doping due
to the low solubility of these lanthanides. This holds true
especially for the infinite-layer films on SrTiO3(001) [17,19—
21,23] in which the interstitial apical oxygens occupy the api-
cal position (O ), contribute holes and become overwhelming
with increasing trivalent dopants, posing a constraint for
drawing an electron doping-dependent phase diagram. Here
we succeed to dope the infinite-layer SrCuQO, films on the
SrTiO3(001) substrates with the previously unexplored Eu
cations [Fig. 1(a)] and show that the smaller ionic radius of
Eu’t greatly reduces the intake of O, in the films. In sharp
contrast to Sry_,La,Cu0O, and Sr;_,Nd,CuO, [20,21], this
allows us to eliminate the second O-ordered phase above
x ~ 0.100, first prepare the electron-doped infinite-layer
Sri_xEu,CuO,,, (SECO) single-crystalline films over a wide
doping range (0.062 < x < 0.246) and establish a complete
superconducting phase diagram. We further unravel a percola-
tive nature of the superconductivity, and elucidate the effects
of O remnants on the properties of SECO by combining elec-
trical transport measurements and in sifu scanning tunneling
microscopy (STM).

Our experiments were conducted in two ozone-assisted
molecular beam epitaxy (MBE) systems, one of which is
connected to an ultrahigh vacuum (UHV) low-temperature
STM (Unisoku) for in situ atomic-scale characterization at
4.8 K. Semi-insulating and Nb-doped (0.5% wt) SrTiO3(001)
substrates were used to grow the SECO films for electrical
transport and STM measurements, respectively. Except for
a slightly lower substrate temperature of 540°C used, the
MBE growth of SECO films with various Eu content x is
similar to that of La- and Nd-doped SrCuO; [20,23] with x
determined by measuring the flux ratio between the Eu and
the Cu sources via a quartz crystal microbalance (Inficon
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FIG. 1. (a) Sketch of epitaxial infinite-layer SECO thin films
on SrTiO;(001). (b) X-ray diffraction (XRD) patterns around the
(002) diffraction peaks of SECO films with different Eu contents x
as indicated. The dashed gray curve highlights an evolution of the
SECO(002) peaks. (c) Atomic force microscope (AFM) topography
(5 um x 5 um) of the SECO films. (d) Temperature-dependent
electrical resistivity for SECO films at varied x with black triangles
denoting the T, onsets at the 90% normal-state resistivity. (e) Sup-
pression of superconductivity by magnetic fields for x = 0.144 SECO
films.

SQM160H). All STM topographies were acquired in constant
current mode with the voltage V applied to the sample. The
differential conductance dI/dV curves and maps were mea-
sured by using a standard lock-in technique with a small bias
modulation at 937 Hz. After ex sifru XRD measurements using
the monochromatic Cu K« radiation with a wavelength of
1.5406 A in a reflection geometry, we measured the electrical
resistivity via a four-terminal configuration (/ = 1 pA) in a
commercial physical property measurement system.

Figure 1(b) depicts a series of XRD data of single-
crystalline SECO thin films at various Eu contents x where the
inevitable O has been minimized by a reduction annealing in
UHV. It is apparent that all SECO thin films are in tetragonal
phase and there is no peak related to the interstitial O-rich
and ordered phase until x > 0.240 (also see Fig. SI in the
Supplemental Material) [24], in stark contrast to the (La,
Nd)-doped SrCuO, cases [17,20,23]. Laue oscillations were
commonly observed from which we estimate the film thick-
ness to be ~16.5 nm, a value being good agreement with the
nominal thickness determined by quartz crystal microbalance-
measured flux of Cu and growth duration. This indicates a
highly crystalline epitaxial SECO films with uniform thick-
ness as evident by atomic step-terrace morphology in atomic
force microscopy (AFM) image [Fig. 1(c)]. Figure 1(d) plots
the temperature dependence of in-plane resistivity p,, for
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FIG. 2. (a) Electronic phase diagram showing the evolution of
Thump (red triangles) and T (black squares) as a function of the Eu
doping content x. (b) Nonmonotonic variation of the out-of-plane
lattice constant ¢ with increasing x in SECO. The dashed line is a
guide to the eye. (c) Extended resistivity versus temperature plots for
SECO films with various Eu doping x (black circles) and fits of the
normal-state resistivity to Eq. (1) (red curves), presenting a universal
low-temperature resistivity upturn and hidden Fermi-liquid behavior.
The red triangle marks Ty,mp hallmark of possible coexistence of
itinerant and localized electron carries.

seven samples. A phase transition from insulator to supercon-
ductor is found around x ~ 0.127 (Fig. S2 in the Supplemental
Material [24]). For x > 0.204, however, the SECO films revert
to a metallic-like state (dp,,/dT > 0). In between, the sam-
ples display apparent superconducting phase transition into a
zero-resistivity state with a critical temperature 7;. up to 20 K.
The superconducting state is gradually suppressed by c-axis
aligned magnetic field in Fig. 1(e).

Importantly, the resistivities for the SECO films at x <
0.127 exhibit atypical humps marked by red triangles in
Fig. S2 of the Supplemental Material [24]. These intrigu-
ing resistivity humps, reminiscent of the underdoped 7’-type
Nd;_,Ce,CuO4 [25], pressurized alkaline iron selenide su-
perconductors [26] and antiferromagnetic (AFM) insulator
LaMnPO [27], originate from partial electronic delocalization
driven by the Eu dopants and disappear at elevated x. In
Figs. 2(a) and 2(b), we summarize the extracted resistivity
hump temperature Thump, Ic, and out-of-plane lattice constant
¢ as a function of the Eu content x. Evidently, Tymp declines
with increasing x, whereas the T initially increases and then
decreases to zero, forming a dome-shaped superconducting
phase diagram. Compared with the hole-doped cuprates, the
electron-doped SECO films exhibit a relatively narrow doping
range of x ~ 0.13-0.21 for superconductivity and an optimal
doping at x ~ 0.15 [1,6,8]. Note that the optimal doping
of x ~ 0.15 coincides with a minimum in ¢ [Fig. 2(b)].
Such a coincidence and the nonmonotonic variation of ¢ with
x correlate with the O, remnants in SECO, which we will
explain later.

In addition, the resistivity p,, shows a pronounced up-
turn at low temperatures that alters little with magnetic
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field [Fig. 1(d)], even for the superconducting SECO films
[Fig. 1(e)]. This is more clearly seen from the resistivity
curves over an extended temperature range in Fig. 2(c).
The insulating upturn in resistivity has been widely iden-
tified in other cuprate superconductors and often follows a
puzzling log(1/T) divergence behavior [28-31], although a
mysterious deviation sometimes occurs at lower tempera-
tures [31-33]. In SECO, we observe a similar logarithmiclike
upturn in low-temperature resistivity including the supercon-
ducting ones (Fig. S3(a) of the Supplemental Material [24])
with some samples showing a resistivity saturation behav-
ior toward zero temperature (namely, x = 0.133, 0.204, and
0.220). A closer inspection shows that the low-temperature
pap can be better described by a square-root temperature
dependence (Fig. S3(b) of the Supplemental Material [24]),
whereas the p,;, scales quadratically with 7 at high tempera-
tures (Fig. S3(c) of the Supplemental Material [24]). Indeed, a
combination of both the square-root and quadratic terms [see
the red curves in Fig. 2(c)] nicely fits the normal-state p,;, over
almost two decades of temperature via

LPab = L0 _Asqﬁ+A2T2v (1)

where pg is the temperature-independent resistivity, the sec-
ond and third terms come from electron-electron interactions.
The quadratic temperature dependence of p,, indicates a
hidden Fermi-liquid (FL) behavior in SECO [Fig. 2(a)],
which seems generic for both electron- and hole-doped
cuprates [34-36].

The resistivity upturn and saturation behaviors in low
temperatures have been tentatively discussed in terms of
the Kondo effect [32], two-dimensional (2D) weak local-
ization (WL) by disorder [37], unusual electron-electron
interactions [38], and even a d-wave superconducting or-
der scenario [39]. The WL and Kondo effect are largely
suppressed under a magnetic field. In SECO, however, the
resistivity upturn has nothing to do with the applied field
(Fig. S4 of the Supplemental Material [24]), which rules out
both WL and Kondo mechanisms for the low-temperature
upturn in p,p. In fact, the insulatorlike low-T resistivity upturn
(dpar/dT < 0) has been observed in the superconducting
SECO films with extremely low p,, from which we estimate
kgl > 7 in a free-electron model for 2D material [29] with
kg and £ representing the Fermi wave vector and the mean
free path between disorder-induced scattering events, respec-
tively. Instead, the cusplike /T behavior of resistivity has
been extensively discussed in granular electronic systems and
roots at three-dimensional (3D) electron-electron interactions
in which the coherent electron motion on the scales larger than
the granule size dominates the charge transport [38,40-42].
This points toward granular metallicity due to the intrinsic
inhomogeneity of SECO from which the superconductivity
emerges via a 3D percolation process. Actually, the perco-
lation picture agrees gently with the remarkable electronic
inhomogeneity observed in high-7; superconductors [43,44]
and has been recently employed to explain the unusual behav-
iors of cuprates [36,45—47].

The percolative superconductivity has been confirmed by
spatially dependent tunneling spectra in various SECO films.
Without loss of generality, the STM topographic images for
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FIG. 3. (a) STM topography of SECO films (60 Ax 38 A, V =
—0.9V, I=20 pA). (b) Spatial map of A (half the distance between
coherence peaks) showing an electronic segregation between SC and
non-SC phases. (c) Tunneling spectra taken at equal separations
0.65A) along the white solid line in (a). Outside the supercon-
ducting gap, the peak-dip-hump features develop from three distinct
vibrational phonons €2, ; and are marked by colored down arrows.
Set point: V = —100 mV and I = 100 pA. (d) Histogram of €23
measured from the dI/dV spectra in the superconducting domain
in (b).

all SECO samples are electronically separated into bright and
dark domains with various electron dopings (Fig. S5 of the
Supplemental Material [24]), primarily driven by an inhomo-
geneous distribution of Eu dopants. In domains with moderate
doping levels, the superconductivity emerges as local elec-
tron pairing, accompanied by fully opened superconducting
gaps at the Fermi level (Eg). One representative dataset ac-
quired on the superconducting SECO films is exemplified
in Figs. 3(a)-3(c). By measuring the spatial dependence of
dI/dV spectra at low energies, we found a superconducting
puddle [Fig. 3(b)] in which the nodeless pairing gaps are
robustly observed [Fig. 3(c)]. In nonsuperconducting regions
(Fig. S6 of the Supplemental Material [24]), however, the
dI/dV spectra are characteristic of metalliclike features and
match with the electrical transport measurements in Fig. 2(c).
This significantly resembles the Nd-doped SrCuO; films [21]
except that the superconducting gap turns out to be a lit-
tle more homogeneously distributed in spatial and exhibits
a smaller mean magnitude of Ape,, ~ 18 meV (Fig. S7
of the Supplemental Material [24]). This fact in conjunction
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with the frequent occurrence of superconducting gaps in topo-
graphically relatively faint regions [Figs. 3(a) and 3(b)] helps
reach the percolation threshold for the zero-resistivity super-
conducting state in SECO [Fig. 1(d)]. Such local imaging
of granular superconductivity constitutes convincing support
for the emergence of superconductivity in SECO via a per-
colation process. The strong agreement between microscopic
electronic features and macroscopic transport hints that the
STM probe of the topmost CuO, planes largely reflects the
nature of bulk superconductivity in SECO.

In analogy to Nd-doped SrCuQ; [21], we also observe mul-
tiple peak-dip-hump structures outside the superconducting
gaps in SECO, which stem from three vibrational phonons
Q3 marked by the colored down arrows in Fig. 3(c). By
measuring their mode energies from thousands of supercon-
ducting dI/dV spectra via a well-established method (e.g.,
Fig. S8 of the Supplemental Material [24]) [21], we estimate
the average mode energies to be 2} = 21 4+ 2 meV (exter-
nal mode), 2, = 46 = 3 meV (bending mode), and 23 =
68 £ 2 meV (stretching mode), respectively. The statistical
errors of €2;_3 indicate the full width at half maximum of
the corresponding Gaussian peaks (red curve) in Fig. 3(d). As
anticipated, the lattice vibrational energies €2;_3 depend little
on A and the local ratio of €2 3 to 2A (2;_3/2A) can exceed
unity (Fig. S9 of the Supplemental Material [24]), running
counter to the spin excitation scenario for €2;_3 [21]. In SECO,
Q3 = 68 meV appears to be slightly smaller than that
(72 meV) in Nd-doped SrCuO; [21]. This is understandable
because the stretching phonon mode €23 is very sensitive to the
Cu-O distance in cuprates [48,49]. The heavier electron dop-
ing of SECO stretches the CuO, bonds more appreciably and
causes a tiny redshift of €23 [8,10,17]. These findings establish
the universal phonon modes that are strongly coupled with
the electrons and induce superconductivity in the infinite-layer
cuprates.

To provide insight into the unusual doping dependence
of the out-of-plane lattice constant ¢ in Fig. 2(b), we have
measured a series of wide-energy-ranged tunneling spec-
tra (1.5 eV) in the SECO films at various Eu contents
as illustrated in Fig. 4(a). In analogy to the (La, Nd)-
doped cases [20,21,23], the fundamental Mott-Hubbard band
structure of the cuprate CuQO, planes, characteristic of a
charge-transfer gap between CTB (black triangles) and UHB
(blue triangles), remains essentially unchanged against the Eu
doping. However, the Er initially moves upwards and then
downwards relative to the midgap energy E; with increasing
x. Given that the Ex-E; proves as a good indicator of doping
level [20,21,23,50], the downward shift in Er indicates addi-
tional involvement of hole carries. By imaging atomic-scale
defects in SECO [Fig. 4(b)], we find that they are the apical
oxygens O, justly beneath the Cu atom that create the extra
holes [20]. Although the Ox-ordered phase is eliminated, a
tiny amount of O4 rapidly increase in number as x > 0.12
[Fig. 4(c)]. As electron acceptors, these Op remnants com-
pensate for the electron doping by Eu, reduce the net electron
carriers in SECO, and expand the lattice, matching nicely with
the increase of ¢ as x > 0.15 [Figs. 2(b) and 4(a)].

We comment on the impacts of O remnants on supercon-
ductivity and the normal-state resistivity. First, they reduce
the effective electron doping by Eu and delay the emergence
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FIG. 4. (a) Spatially averaged dI/dV spectra (V = —1.5V,I =
100 pA) showing a nonmonotonic dependence of the Mott-Hubbard
band structure of SECO on the Eu content x. The gray solid and
dashed lines denote Er and E;, respectively. Top panel: schematic
energy bands of cuprates showing only charge-transfer band (CTB)
(orange) and upper-Hubbard band (UHB) (unfilled). (b) STM to-
pographies (70 Ax 35 A, I = 20 pA) of two different SECO films
with extra O, defects appearing as dark dots. Top panel: x = 0.124,
V = —1.5 V; Bottom panel: x = 0.140, V = 1.2 V. (c) Statistical
measure of O, content y as a function of x. The gray thick line is
guide to the eye, whereas the error bars mark the standard deviations
of x and y values obtained from various regions and samples.

of superconductivity in the electron-doped SECO films at
x > 0.12 [Fig. 1(d)]. Second, due to the compensated elec-
tron carriers by the population of O4, the normal-state o, is
sharply increased at x > 0.18, followed by an abrupt frustra-
tion of the superconductivity [Fig. 2(c)]. The two results yield
the narrow superconducting phase diagram in Fig. 2(a). Third,
the O might also produce local strains that suppress the Laue
oscillations and induce asymmetry of the (002) Bragg peaks
at x > 0.172 [Fig. 1(b)]. Last but not least, the O, is more
apparently increased above x ~ 0.12 [Fig. 4(c)] that slightly
deviates from x ~ 0.15 for the optimal superconductivity. This
discrepancy is understandable because the 7; of the percola-
tive superconductor is controlled by the optimal paths with the
larger x and smaller y, rather than the mean values of them,
in the underdoped regime. Under this context, a removal of
the Op remnants may further enhance superconductivity in
electron-doped infinite-layer SECO films.

To summarize, we have overcome the biggest material
challenge of infinite-layer cuprates by successfully preparing
the epitaxial SECO films over a wide electron doping range
and rarely established a complete phase diagram by combin-
ing in situ STM, ex situ XRD and electrical measurements.
Our observations of the dome-shaped nodeless supercon-
ducting phase, percolative nature of the superconductivity,
and hidden FL behaviors shed important light on the culprit
of superconductivity in cuprates. The direct visualization of
interstitial O remnants points to a route to enhance supercon-
ducting critical temperature in electron-doped infinite-layer
cuprates.
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