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Emergence of high-temperature superconductivity at the interface of two Mott insulators
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Interfacial superconductivity has manifested itself in various types of heterostructures: band insulator–band in-
sulator, band insulator–Mott insulator, and Mott insulator–metal. We report the observation of high-temperature
superconductivity (HTS) in a complementary and long-expected type of heterostructures, which consists of
two Mott insulators, La2CuO4 (LCO) and PrBa2Cu3O7 (PBCO). By carefully controlling oxidization condition
and selectively doping CuO2 planes with Fe atoms, which suppress superconductivity, we found that the
superconductivity arises at the LCO side and is confined within no more than two unit cells (∼2.6 nm) near
the interface. A phenomenon of “overcome the Fe barrier” will show up if excess oxygen is present during
growth. Some possible mechanisms for the interfacial HTS have been discussed, and we attribute HTS to the
redistribution of oxygen.

DOI: 10.1103/PhysRevB.105.024516

I. INTRODUCTION

Interface plays a central role in cutting-edge science
and technology, and can harbor a host of emergent phe-
nomena that could even be absent in corresponding bulk
materials. Above all, superconductivity can manifest itself
at interfaces involving oxides [1–13]. Typical examples in-
clude the emergence of superconductivity at the interfaces
of two nonsuperconducting oxides, such as LaAlO3/SrTiO3

[2], La2CuO4(LCO)/La1.55Sr0.45CuO4 [1], and newly discov-
ered EuO (or LaAlO3)/KTaO3 [3–5], and the enhancement
of superconducting transition temperature (Tc) of the single
unit-cell FeSe grown on SrTiO3 [6]. These fascinating ob-
servations have been attracting increasing research interests.
They not only provide a unique way to create novel super-
conductors in artificial systems and design state-of-the-art
superconducting devices, but also shed light on the mech-
anism of high-temperature superconductivity (HTS), a holy
grail in modern physics.

Among all these interfaces, the LCO-based heterostruc-
tures [1,7,8,14–18] are of particular interest because LCO
is a prototype HTS parent compound. Gozar et al. [1]
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observed superconductivity in heterostructures consisting
of undoped LCO (a Mott insulator) and overdoped (OD)
La2-xSrxCuO4 (a metal). Similar results were reported in
LCO/OD-La2-xBaxCuO4 and LCO/OD-La2-xCaxCuO4 het-
erostructures [16,17]. With the help of atomic-scale control
of growth and the technique of δ doping, Logvenov et al.
[7] demonstrated that superconductivity occurs within a single
CuO2 plane in LCO/(metallic)La1.55Sr0.45CuO4 heterostruc-
tures. Wu et al. [14] examined more than 800 different
compositions of LCO/La2-xSrxCuO4 (0.15 < x < 0.47) het-
erostructures and found an anomalous doping-level inde-
pendence of interfacial superconductivity. While atomically
perfect interfaces are of extreme importance and were
explored in the aforementioned studies, two very recent exper-
iments [8,19] indicated that the interfacial superconductivity
is so robust that the surface roughness is no longer a serious
obstruction. As observed by Pavlov et al. [8], superconduc-
tivity survives by depositing Ba0.8Sr0.2TiO3 (a band insulator,
ferroelectrics) film on LCO singe crystal with 1–2-nm sur-
face roughness. And, it was found by Deng et al. [19] that
superconductivity exists in LCO/La2-xSrxCuO4 heterostruc-
tures within a surprisingly wide range of doping, nominally
0.10 � x � 1.70, even though the La2-xSrxCuO4 film has lost
its crystalline structure when x � 1.40 [19].

In this work, we report the observation of HTS in het-
erostructures composed of LCO and PrBa2Cu3O7 (PBCO, a
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Mott insulator). This is a demonstration that superconductiv-
ity can occur at interfaces of two Mott insulators. This type
of interfacial superconductor is complementary to existing
emergent superconductors at interfaces of band insulator–
band insulator [2–4], band insulator–Mott insulator [8,20],
and Mott insulator–metal [1]. Our experiments revealed that
the superconductivity arises in the LCO side and near the
PBCO/LCO interface. The thickness of the superconducting
layer is of atomic scale and can be of two LCO unit cells or
thinner, which depends on the oxidization condition. Mean-
while, as an example of HTS, a doped LCO thin film of a few
atomic layers is highly desirable on an insulating substrate to
reveal the origin of HTS. Thus, our work not only unveils a
category of interfacial superconductors, but also provides a
fresh platform to explore the rich physics of HTS.

II. EXPERIMENT

A. Sample growth

All the single films and bilayers were deposited on
SrLaAlO4 (SLAO)(001) single-crystal substrates by pulsed
laser deposition. Targets were prepared by conventional solid-
state reaction with nominally stoichiometric compositions.
Before growth the substrates were preannealed in situ at
800 ºC for 20 min, under an atmosphere of 1×10–4-mbar
molecular oxygen. Three growth conditions were used.

1. Condition 1: The standard one

The growth temperature was 730 ºC. The laser fluence was
∼1 J cm–2. The laser frequency was 4 Hz. The target-substrate
distance was ∼55 mm. A mixture of ∼10% ozone and ∼90%
molecular oxygen was used as gas source. During growth a
dynamic atmosphere with a flow rate of 3 sccm and a pres-
sure of 0.03 mbar was used. After growth, the samples were
postannealed in situ at 400 ºC for 15 min, with a flow rate of
10 sccm and without pumping. After that the samples were
cooled to below 60 ºC with the same flow rate and without
pumping. Then, all the gas in the chamber was evacuated
and instead a 200-mbar molecular oxygen was filled. Using
this molecular oxygen atmosphere, the samples were annealed
again at ∼200 ºC for 30 min to balance oxygen content (to
remove excess oxygen induced by ozone) and finally cooled
to room temperature. The growth was monitored by reflection
high-energy electron diffraction (RHEED), which indicated a
layer-by-layer mode (see Fig. S1) [21].

2. Condition 2: The oxygen-excess one

All the parameters used in this condition are the same as
that used in condition 1, except for the annealing temperature
in the last annealing with 200-mbar molecular oxygen. In
this condition a lower annealing temperature of ∼150 ºC (vs
∼200 ºC) was used.

3. Condition 3: The ozone-free one

In this condition, ozone was not used in all the steps.
The growth temperature was 650 ºC. The growth atmo-
sphere was a mixture of 0.077-mbar molecular oxygen and
0.033-mbar nitrous oxide (N2O). After growth all the samples
were postannealed in situ at 550 ºC, in 200-mbar oxygen, for

30 min. Other conditions are similar to those of conditions
1 and 2.

B. Electrical contacts and transport measurements

The contacts were made with Ag film electrodes deposited
on the surface of the samples by electron-beam evaporation.
These electrodes were further connected for measurements
using Al wires by an ultrasonic wire-bonding machine. A DC
measurement method was used for the Rsq(T ) measurements
in a commercial cryostat.

C. Scanning transmission electron microscopy and
energy-dispersive x-ray spectroscopy mapping

Cross-sectional specimens for electron microscopy inves-
tigations were prepared by an FEI Quanta 3D FEG Focused
Ion Beam. Atomic-resolution high-angle annular dark-field–
scanning transmission electron microscopy (HAADF-STEM)
images and energy-dispersive x-ray spectroscopy (EDS) map-
pings were acquired by a spherical aberration-corrected
electron microscope equipped with four Super-X EDS detec-
tors (FEI Titan G2 80–200 ChemiSTEM).

D. X-ray diffraction

The x-ray diffraction data were taken using a monochro-
mated Cu-Kα source on a 3-kW high-resolution Rigaku
Smartlab system.

E. Atomic force microscopy

The AFM data were taken using noncontact mode on a
Park NX10 system.

III. RESULTS AND DISCUSSION

A. Structural characterizations of PBCO/LCO heterostructure

The standard growth condition (condition 1) was used if
not specified. AFM measurements show that the sample sur-
faces are smooth (Fig. S2) [21] and the surface roughness of
a typical PBCO(6 uc)/LCO (10 uc) heterostructure is ∼0.47
nm, smaller than one unit cell of PBCO (∼1.1 nm) or LCO
(∼1.3 nm). XRD data (Figs. 1(a) and S3 [21]), together with
the RHEED (Fig. S1) [21] and STEM [Figs. 1(b) and 1(c)]
results, indicate that the growth is epitaxial. STEM HAADF
images [Figs. 1(b) and 1(c)] show that the interface is coherent
and abrupt. The EDS map [Fig. 1(d)] and line scan (Fig. S4)
[21] show that the interface is chemically abrupt, and the
atomic intermixing is well below 2 nm.

B. Emergence of superconductivity in LCO layer

We performed transport measurements on single-phase
films as well as heterostructures. Figures 2(a) shows that
both the PBCO and LCO single-phase films are insulating. In
contrast, as shown in Fig. 2(b), the PBCO/LCO heterostruc-
ture (the thick black line) exhibits a metallic behavior in
high-temperature range and turns into superconductivity at
low temperatures. The superconductivity onset temperature is
∼30 K, and the zero resistance occurs at ∼19 K. The super-
conductivity can be fully suppressed if 1-uc SLAO layer is
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FIG. 1. Structural characterizations. (a) X-ray diffraction of a
PBCO(6 uc)/LCO(10 uc) heterostructure. For the notation of het-
erostructures, the right component always denotes the one next to
the SLAO substrate. (b), (c) HAADF-STEM images and (d) EDS
elemental mapping of a representative PBCO/LCO heterostructure.
The dashed line indicates the position of the PBCO/LCO interface.
The interface is abrupt and intermixing is not significant.

inserted between PBCO and LCO [Fig. 2(b)], implying that it
comes from the PBCO/LCO interface. In order to investigate
the interfacial superconductivity further, we replaced a frac-
tion of Cu atoms in PBCO or LCO by Fe atoms, which was
realized by depositing the corresponding films with Fe-doped
targets. The presence of Fe can suppress superconductivity in
copper oxides efficiently (see Fig. S5 [21]) [22,23], so that
different patterns of Fe doping give rise to distinct transport
features. As shown in Fig. 2(b), the Fe doping in the LCO side
leads to an insulating state and the Rsq(T ) is much larger than
that of PBCO/LCO; in sharp contrast, the Fe doping in the
PBCO side remains a superconducting state and the Rsq(T ) is
very close to that of PBCO/LCO. Thus, we conclude that the
observed superconductivity and the overall conductance is in
the LCO layer near the interface.

C. Superconducting layer confined at the interface

The RHEED-assisted layer-by-layer growth method allows
us to dope a designated 1-uc layer of LCO with Fe, so-called
“δ doping.” This technique was used previously by Logvenov
et al. [7] to locate the single superconducting CuO2 plane
in LCO/La1.55Sr0.45CuO4 heterostructures precisely. Here we
utilized this technique to identify the thickness and the po-
sition of the superconducting layer in LCO. As illustrated in
Fig. 3, the superconductivity will be fully suppressed if the
N = −1 unit cell of LCO (the one closest to the interface)
is replaced by Fe:LCO, i.e., La2Cu0.95Fe0.05O4. In contrast, if

FIG. 2. Temperature-dependent squared resistance, Rsq.
(a) PBCO and LCO single-phase films grown on SLAO.(b)
PBCO/LCO heterostructures (with or without Fe doping. Fe:LCO
and Fe:PBCO stand for La2Cu0.95Fe0.05O4 and PrBa2Cu2.95Fe0.05O7,
respectively.) grown on SLAO. (a), inset: Schematic view of the
measurement configuration. (b), inset: Schematic cross view of
heterostructures. For comparison, a PBCO(6 uc)/SLAO(1 uc)/LCO
heterostructure, in which 1-uc SLAO layer was inserted between
LCO and PBCO, and a heterostructure composed of 6.6-nm BaTiO3

(BTO) and 10-uc LCO, are shown in (b).

the N = −2 unit cell is doped by Fe, the superconductivity
will survive, although its Tc is somewhat lower than that of
the undoped one [the dotted line in Figs. 3(b) and 3(c)]; if
the N = −3 unit cell is doped, the temperature dependence of
resistance R(T ) will almost coincide with the undoped one.
This coincidence suggests that the conducting and supercon-
ducting channel is dominated by charge carriers in LCO that
are confined within one or two unit cells next to the interface.

Note that the high substrate temperature during growth
may cause some Fe atoms to diffuse from the Fe:LCO unit
cell to neighboring LCO unit cells. Thus, the “actually clean”
LCO layer near the interface should be thinner than 1 uc
for N = −2 and 2 uc for N = −3. With this consideration
in mind, we indeed set the upper limit of the superconduct-
ing layer thickness, dsc � 2 uc. The dsc was also estimated

FIG. 3. Replacing one unit cell of LCO with Fe:LCO in PBCO(6
uc)/LCO(10 uc) heterostructures. (a) A sketch of the structure. The
positions of LCO unit cells are as labeled. For example, N = −3
means the third unit cell from the interface (indicated by the dashed
line). Temperature-dependent (b) normalized resistances and (c)
the corresponding squared resistances of δ-doped PBCO/LCO het-
erostructures. The dotted line is the PBCO/LCO heterostructure
shown in Fig. 2(b) (the thick line) for comparison.
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FIG. 4. Films and heterostructures grown under oxygen-excess
condition. (a) PBCO and LCO single-phase films grown on SLAO.
The dotted lines are the data shown in Fig. 2(a) for comparison.
(b) PBCO(6 uc)/LCO (10 uc) and PBCO(6 uc)/Fe:LCO(n
uc)/LCO[(10-n) uc] heterostructures grown on SLAO. The positions
of Fe-doped LCO unit cells are denoted using the same labels as
schemed in Fig. 3(a). The dotted line is the PBCO/LCO heterostruc-
ture shown in Fig. 2(b) for comparison. The gray dashed line illus-
trates a sample without the top PBCO layer, that is, Fe:LCO(5 uc)/
LCO(5 uc), for comparison.

independently by Hall effect measurements. The data mea-
sured at 50 K on the PBCO(6 uc)/LCO(10 uc) heterostructure
result in a hole density of ∼5.8×1014 cm–2 at the interface
(Fig. S6) [21]. Taking a bulk carrier density of 2.1×1021 cm–3

from the optimally doped La2-xSrxCuO4 [24] as a reference,
we estimated dsc to be ∼2.8 nm, which is close to the thickness
of 2-uc LCO.

Furthermore, we gradually reduced the thickness of LCO
from 10 to 1 uc. It turns out that the temperature-dependent
Rsq(T ) will be quite similar when the thickness of LCO
exceeds or equals to 2 uc (Fig. S7) [21]. This similarity is
strongly indicative of the fact that charge carriers are confined
to the interface.

D. Enhanced superconductivity

In addition to the above-discussed samples prepared un-
der the standard growth condition (condition 1), we also
fabricated PBCO/LCO heterostructures under a more oxygen-
excess growth condition (condition 2). First of all, we would
like to emphasize that this condition is only moderately oxy-
gen excess and will not by itself drive an insulating LCO film
into a superconducting one [1,25]. This is evidenced by the
fact that both PBCO and LCO single-phase films grown under
condition 2 remain highly insulating, as illustrated in Fig. 4(a).
In the meantime, Fig. 4(b) (black line) shows that the undoped
PBCO/LCO heterostructure grown under condition 2 exhibits
enhanced superconductivity with a higher onset Tc ∼ 36 K.
This enhancement can be attributed to the increase of hole
concentration due to the excess oxygen.

Even more strikingly, the enhanced interfacial supercon-
ductivity can overcome the Fe barrier and move toward the
bulk, which is in sharp contrast to the ones grown under the
standard condition. To reveal this marvelous phenomenon,
we prepared samples with the PBCO(6 uc)/Fe:LCO(n uc)/

LCO[(10 − n) uc] heterostructures, where the unit-cell
number of Fe:LCO layer, n, ranges from 1 to 5. As shown in
Fig. 4(b), when n = 1, the N = −1 Fe δ-doped PBCO/LCO
heterostructure exhibits a comparable superconductivity
with the undoped one. Even when n = 5, the topmost five
LCO unit cells near the interface (N = from −1 to −5) are
all Fe doped, namely, the middle layer is Fe:LCO(5 uc);
the heterostructure still remains superconducting. However,
the sample will be highly insulating if the PBCO layer is
absent [Fig. 4(b), the gray dashed line], revealing that the
presence of PBCO/LCO(Fe:LCO) interface is crucial to the
superconductivity.

E. The origin of the superconductivity

We now discuss the possible mechanism for the occur-
rence of HTS in PBCO/LCO heterostructures. It is generally
accepted that the physics of cuprate HTS is doping a Mott in-
sulator [26]. Comprehensive studies have suggested that hole
doping can be achieved by oxygen excess, cation substitution,
or charge transfer. Let us examine all these possibilities as
follows.

First, the possibility of ozone-induced oxygen excess can
be excluded because the LCO single-phase films are always
insulating, although they are grown under the same conditions
as the heterostructures (Figs. 2 and 4). To further exclude
this possibility, we have also grown samples in a completely
ozone-free atmosphere (condition 3), and observed supercon-
ductivity in PBCO/LCO heterostructures that share essentially
the same Tc and R(T ) as the samples grown under the standard
condition (condition 1) (Fig. S8 [21]). Thus, we infer that the
HTS is not caused by the ozone-induced oxygen excess and
instead, the presence of PBCO is crucial for its occurrence.

The second possibility is the cation substitution, which
might arise from the diffusion of Ba from PBCO into LCO.
However, STEM and EDS measurements (Figs. 1(d) and S4
[21]) show that this diffusion channel is not significant and the
diffusion length is less than 2 nm. Meanwhile, in the afore-
said phenomenon of overcome the Fe barrier illustrated in
Fig. 4(b), for the heterostructure PBCO(5 uc)/Fe:LCO(5 uc)/
LCO(5 uc) grown under condition 2, the HTS was detected
in the LCO region that is more than 6 nm away from the
PBCO/Fe:LCO interface and is out of the range of Ba dif-
fusion. Therefore, the Ba-diffusion mechanism can be ruled
out in the PBCO/LCO heterostructures grown under condition
2. Note that there is only a small difference between the
two growth conditions, conditions 1 and 2 (the difference is
that the final annealing temperature in molecular oxygen was
decreased from ∼200 to ∼150 ºC; see the A. Sample growth),
and in both cases the occurrence of superconductivity is re-
lated to the formation of PBCO/LCO bilayer (Figs. 2 and 4).
Thus, it is natural to assume that the heterostructures grown
under these two conditions (condition 1 and condition 2) share
the same HTS mechanism. As independent evidence to reject
the Ba-diffusion mechanism, we grew BaTiO3(BTO)/LCO
heterostructures under the standard condition and found no
superconductivity [Fig. 2(b)], which further supports that the
Ba diffusion is not the dominant mechanism for the observed
HTS in PBCO/LCO.

024516-4



EMERGENCE OF HIGH-TEMPERATURE … PHYSICAL REVIEW B 105, 024516 (2022)

The third possibility is the charge transfer, i.e., the redis-
tribution of holes between PBCO and LCO. Charge transfer
was proposed to be the dominant mechanism for the HTS
in LCO/La1.55Sr0.45CuO4 heterostructures [1,27]. Neverthe-
less, there is a huge difference between La1.55Sr0.45CuO4

and PBCO: the former is a metal with a high hole con-
centration, while the latter is an insulator. Previous studies
suggested that PBCO is not a good reservoir of holes, even
though its role in charge transfer is still controversial. For
instance, YBa2Cu3O7(YBCO)/PBCO superlattices [28] and
YBCO layers sandwiched by PBCO [29] displayed enhanced
HTS in ultrathin YBCO, but the capping PBCO was generally
regarded as a protecting layer. While Terashima et al. [29]
advocated that the PBCO layer provides holes to the YBCO
layer, Affronte et al. [30] suggested no significant charge
transfer, and Cieplak et al. [31] even argued a reverse charge
transfer. On the other hand, if the phenomenon of overcome
the Fe barrier was explained by charge transfer, the amount
of holes that are needed to be transferred from PBCO to
LCO would be too large (>1015 cm–2) to be likely, since it
would cause an unrealistically huge built-in electrical field at
the interface. Thus, we argue that charge transfer is not the
dominant mechanism for the observed HTS.

We now turn to the remaining possibility, the oxygen
nonstoichiometry induced by the presence of PBCO/LCO
interface, in which oxygen atoms transfer from PBCO to
LCO and provide holes. A crucial difference between charge
transfer and oxygen transfer is that the issue of huge built-
in electrical field will be circumvented in the latter case,
even though a sufficient amount of induced holes has been
taken into account. Since LCO itself is a reservoir of oxy-
gen, the oxygen transfer will modify the charge background
in a gradual way. The oxygen transfer can also give rise
to the phenomenon of overcome the Fe barrier. Note that a
similar oxygen transfer scenario was indicated in a previous
study on electron-doped cuprate heterostructures composed
of La2-xSrxCuO4 and Pr2-xCexCuO4 superlattices [32]. Due to
the technical difficulty, at present we cannot directly detect the

diffusion of oxygen, unlike the diffusion of cations, with the
local STEM and EDS probes. Aside from this difficulty our
key findings can be consistently explained by this scenario.
Finally, the extreme sensitivity of HTS with oxidization con-
ditions during the growths of heterostructures (Figs. 2 and 4)
supports that oxygen plays a crucial role in the observed
phenomena.

IV. SUMMARY

We have demonstrated that a robust HTS can be created in
heterostructures of two Mott insulators, PBCO and LCO. The
superconductivity can be manipulated by modifying the oxi-
dization condition during the growth of the heterostructures.
Having in mind that both PBCO and LCO are insulating, the
conductance is dominated by the superconducting channel,
which is ideal for studying the intrinsic transport properties
of HTS copper oxides. Moreover, the present observation
provides a practical way to make an ultrathin (2 uc or even
thinner) superconducting LCO layer that is of potential im-
portance in studying the HTS mechanisms and in device
applications.
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