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Abstract—The structural, Xray diffraction, and electrophysical studies of hybrid superconducting hetero
structures with an interlayer of cuprate antiferromagnetic Ca1 – xSrxCuO2 (CSCO) with the upper electrode
Nb/Au and the lower electrode YBa2Cu3O7 – δ (YBCO) have been carried out. It has been experimentally
shown that the epitaxial growth of two cuprates, YBCO and CSCO, results in the formation of an interface
on which the enrichment of the CSCO interlayer with charge carriers proceeds to a depth of about 20 nm. In
this case, the conduction of the enriched CSCO region proves to be closer to metallic, whereas the CSCO
film deposited onto the NdGaO3 substrate is a Mott insulator with hopping conduction.
DOI: 10.1134/S1063783413030153

1. INTRODUCTION
Since recently, great interest has been expressed in
processes of electron transport on the interface
between a superconductor (S) and a magnet (M),
where a number of nontrivial physical phenomena
take place due to the interaction between supercon
ducting and magnetic correlations [1–4]. It should be
noted that a significant part of experimental studies of
S/M interfaces was conducted on metallic or polycrys
talline films [3–5], in which the influence of the crys
talline structure of the contacting materials is neutral
ized. The coherence length of oxide materials, which
is substantially smaller than that of metals, signifi
cantly complicates the production of oxide supercon
ducting structures with magnetic interlayers. Never
theless, the anomalous proximity effect in cuprate
superconductors was observed in lanthanum struc
tures [6] and a supercurrent of the Josephson nature
was experimentally measured in hybrid mesahetero
structures with an antiferromagnetic interlayer [7, 8].
The decisive significance for observation of the above
mentioned phenomena belongs to crystalline and
electrophysical characteristics of the interfaces of con
tacting materials. In this work, we present the results of
structural analysis on a transmission electron micro
scope and an Xray diffractometer and the electro
physical characteristics of hybrid S–M–S ' mesahet
erostructures (MHS) in which the role of S was played
by a superconductor with the ssymmetry of the order
parameter, i.e., a thinfilm twolayered Nb/Au struc

ture, the role of the S'electrode was played by cuprate
superconductor YBa2Cu3O7 – δ (YBCO) with the
dominating dsymmetry of the order parameter, and
the role of the Minterlayer was played by antiferro
magnet Ca1 ⎯ xSrxCuO2 (CSCO) (x = 0.15 or 0.50).
2. MESAHETEROSTRUCTURES
AND STRUCTURAL MEASUREMENTS
The YBCO superconducting film was epitaxially
deposited by laser ablation technique at a temperature
of 700–800°C onto a NdGaO3(110) (NGO) substrate.
The critical temperature for YBCO was TC = 88–89 K.
The magnetic Minterlayer was fabricated from
cuprate Ca1 – xSrxCuO2 (x = 0.15 or 0.50), which is a
Heisenberg antiferromagnet. A thin (5–50 nm) film of
the Minterlayer was epitaxially grown over YBCO in
the same vacuum chamber at a high temperature and,
then, covered with a thin (20–30 nm) layer of gold
after cooling to room temperature [7]. Cuprate YBCO
and CSCO films have close crystal parameters and
good chemical compatibility. The basal plane parame
ter in YBCO, a = 0.3859 nm, is close the aparameter
in CSCO: a = b = 0.385 nm. The parameter c =
0.318–0.323 nm in the Minterlayer varies depending
on the Sr content (x = 0.15 or 0.50) [9]. The data on
interplanar (along the c axis) distances a⊥ are summa
rized in the table. The deposition of the twolayered
superconducting Nb/Au structure over the Minter
layer makes it possible to obtain Josephson junctions,
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Crystallographic parameters and rocking curve widths (a⊥ is the interplanar distance in the direction of the c axis, and Δω
is the rocking curve width measured at the halfmaximum)
Parameter
a⊥, nm
Δω

CSCP
(x = 0.15)

CSCO/YBCO
(x = 0.15)

CSCO
(x = 0.5)

CSCO/YBCO
(x = 0.5)

CSCO(002)

CSCP(002)

YBCO(007)

CSCP(002)

CSCO(002)

YBCO(007)

0.321
0.07

0.322
0.2*

1.169
0.2*

0.333
0.4

0.336
0.5*

1.177
0.5*

* The estimate of ΔΩ from 2θ/ωscan without regard for the film thickness.

whose microwave and magnetic properties were stud
ied earlier [10, 11]. The topology of Josephson junc
tions in the form of a square with the linear sizes L =
10–50 μm was formed by ionbeam and reactive etch
ing techniques.
The samples for studying the cross section of the
heterostructure were fabricated on a Helios (FEI,
United States) electron–ion microscope by means of
a focused ion beam with the energy of 30 kV in the
beginning and 2 kV in the end of the process. The elec
tron microscopy studies were performed on a TITAN
80300 transmission scanning electron microscope
supplied with an EDAX (United States) energydis
persive Xray microanalyzer, a GIF (Gatan, United
States) energy filter, and a highangle darkfield elec
tron detector (Fischione, United States) under an
accelerating voltage of 300 kV. A lightfield image of
the cross section of the heterostructure, obtained by
means of the transmission electron microscope, is
shown in Fig. 1. We can clearly see the YBCO/NGO
and Au/CSCO interfaces. The inset in the same figure

shows a section of the YBCO film. The results of the
microanalysis of composition by the EDAX (Fig. 2),
indicate the presence of Ca and Sr in the interval
175⎯195 nm, i.e., in the range of thicknesses of the
Minterlayer, estimated from the number of laser abla
tion pulses by means of the calibration of the CSCO
film growth rate.
3. ELECTROPHYSICAL CHARACTERISTICS
Figure 3 shows the dependences of the resistivity ρ
on the temperature of CSCO films with x = 0.15 and
0.50, deposited onto an NGO substrate. The depen
dences ρ(T) correspond to a threedimensional hop
ping conductivity with the exponent of the inverse
temperature of 1/4,
1/4

ln ρ ( T ) = ln ρ 0 + ( T 0 /T ) ,

(1)

where T0 = 24/(πkBNF a3) is an experimental parame
ter [12], NF is density of states at the Fermi level, a is
the radius of localization of carriers, and kB is the Bolt
zmann constant. For CSCO film with x = 0.5, we
obtain T0 = 3 × 106 K and the resistivity ρ at low tem
Signal, counts
400

Au

Ca

CaSrCuO

300

YBCO

YBCO

2 nm

20 nm
Fig. 1. Lightfield transmission electron microscope image
of the cross section of an Au/CSCO/YBCO/NGO hetero
structure. The inset shows the section of the YBCO film on
an enlarged scale.
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0
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Fig. 2. Results of the energydispersive Xray microanaly
sis of the cross section of an MHS near the CSCO/YBCO
interface.
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Fig. 3. Temperature dependences of the resistivity of
CSCO (x = 0.50 and 0.15) films. Dotted lines represent the
result of extrapolation of ρ ~ T 1/4. The inset shows the
same dependences plotted on the linear scale with respect
to temperature.

peratures of 104 Ω cm. It should be noted that, in all
studied CSCO films, no metallic behavior of conduc
tivity has been found.
The resistance (R) of the MHS is the sum of the
resistances of the YBCO electrode, the M/YBCO
interface, the Minterlayer, the barrier between the M
interlayer and Au, and the YBCO electrode: RY, RM/Y,
RM, Rb, and RNb/Au, respectively. Figure 4 shows the
temperature dependence R(T) of the resistance of an
MHS with dM = 20 nm, x = 0.5, and L = 10 μm. The
resistivity of the Nb/Au metallic electrode at room
temperature is ρNb/Au = 10–5 Ω cm for a thickness
dNb/Au = 120 nm; hence, at temperatures below the
critical temperature of the YBCO electrode (T < TC),
the contribution of the resistance RNb/Au is small. At
temperatures below the critical temperature of the
Nb/Au electrode, TC' = 8–9 K, the resistance RNb/Au =
0. At temperatures T > TC, the dependence R(T) of the
MHS is similar to the separately measured depen
dence RY(T) of YBCO film. We can see that, with a
decrease in temperature, after YBCO have passed to
the superconducting state (in the given case, at TC ≅
62 K), for TC' < T < TC, the dependence R(T) has a sec
tion of with a practically unchanged resistance R =
RM/Y + RM + Rb. Taking into account the epitaxial
growth of two cuprates, CSCO/YBCO, and close
parameters of their crystal lattices, we assume that the
resistance RM/Y is small compared with Rb. Therefore,
in the lightfield image (Fig. 1), we can clearly see a
color contrast of CSCO/Au interfaces, whereas the
YBCO/CSCO is hardly distinguishable. The inset in
Fig. 4 shows the dependence of RNA on the thickness
dM for MHS in which the Josephson effect is observed
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Fig. 4. Temperature dependence of the resistance of CSCO
with an interlayer thickness of 20 nm and L = 10 μm. The
inset shows the dependence of the characteristic resistance
RNA on the thickness of CSCO (x = 0.5) interlayer at T =
4.2 K. Closed symbols indicate the case when the magnetic
interlayer is absent and when the MHS has an interlayer
with thicknesses L = (×) 10, (䊊) 20, (䉭) 30, (䉫) 40, and ( )
50 μm.

(RN is the resistance in the normal state, measured
under a voltage V ~ 1.5 mV (T = 4.2 K), and A = L2 is
the area of the MHS). It is evident from the data pre
sented in Fig. 3 that the resistivity ρM of autonomous
CSCO film (x = 0.5) increases with a decrease in tem
perature. At a temperature T = 4.2 K, the expected
contribution to RNA = ρMdM from the CSCO film must
be more than 104 μΩ cm2. However, in MHS with a
relatively thin interlayer (dM < 20 nm), no such large
values of RNA were observed. Moreover, as compared
to autonomous CSCO film, the resistance of the MHS
in the interval TC' < T < TC weakly depends on temper
ature. Hence, the main contribution to the resistance
of the MHS at low temperatures and small interlayer
thicknesses is from the CSCO/Au interface. As is evi
dent from the inset in Fig. 4, the characteristic resis
tance RNA of the samples exponentially increases with
an increase in dM: RNA = AR exp(dM/aR). The adjustable
parameters were calculated by the leastsquares
method and comprised aR = 8.5 nm and AR = 0.184 μΩ
cm2. The obtained data show that, at an interlayer
thickness dM < 40 nm, the RNA is smaller than in struc
tures without an Minterlayer (dM = 0). If the main
contribution to the resistance of the MHS was from
the resistance of the CSCO interlayer, the RNA would
linearly increase with dM, but this is not observed in the
experiment.
Additional information on the electric properties
of the interlayer and the YBCO/Au interface can be
extracted from the dependence of the capacitance (C)
of the MHS on the thickness dM. The current–voltage
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Fig. 6. Temperature dependences of the characteristic
resistance of the MHS (x = 0.5, dM = 80 nm, L = 30 μm).
The arrow indicates the temperature TVRH below which
the temperature interval corresponds to the mechanism of
conduction (1) (dotted line), T0 = 7 × 105 K. The inset
shows the temperature dependence (on the linear scale) of
the conductivity of the same MHS.

Fig. 5. Dependence of the normalized barrier thickness
(d0/ε) on the Ca1 – xSrxCuO2 interlayer thickness (dM) for
x = 0.5. Lines are the approximated dependences. The
inset shows the current–voltage characteristic of the MHS
with a thickness of the Ca1 – xSrxCuO2 interlayer dm >
20 nm. Arrows indicate the critical current and the return
current.

characteristics of Josephson MHS at T = 4.2 K exhib
ited hysteresis (see inset in Fig. 5). The capacitance
was found from the value of the McCumber parameter
2
βC = 4πeIC R N C/h, which is uniquely related to the
ratio of the returned current to the critical current of
the current–voltage characteristic of the Josephson
junction [13]. For the planar geometry of the MHS,
the capacitance is C = ε0εA/d0, where ε0 is the permit
tivity of the vacuum, ε is the permittivity of the
CSCO/Au barrier layer, and d0 is the barrier thickness.
Figure 5 shows the dependence of d0/ε on the thick
ness dM of the CSCO interlayer. We can see that, for
dM ≤ 20 nm, the variation in the capacitance is insig
nificant and the value of d0/ε (for series of MHS with
dM = 12 and 20 nm) is the same, within the error, as in
the case of heterostructures without an interlayer:
d0/ε = 0.35 ± 0.20 nm.
The presence of hysteresis in heterostructures
without an interlayer [14] indicates the formation of a
barrier layer on the YBCO/Au interface, which deter
mines the value of the capacitance between the YBCO
and NbAu electrodes. In the case of an MHS, the bar
rier layer is formed on the CSCO/Au interface. Let us
analyze what role is played in this case by the CSCO
layer. For dM > 20 nm, an increase in d0/ε is observed
in several series of MHS. Using the leastsquares
method, we obtain for the increasing section the linear
dependence d0/ε = (0.36 ± 0.05)[dM – (20 ± 4)] nm.
Such a dependence of d0/ε on dM is described by a
model in which, under the influence of YBCO, a con
ducting layer is formed on the CSCO/YBCO inter

face, which does not contribute to the capacitance C.
Over the conducting CSCO layer (with a thickness up
to 20 nm), the weakly conducting part of the CSCO
interlayer with a thickness d0 is situated, which deter
mines the capacitance of the MHS. It should be noted
that, although the characteristic resistances RNA of
MHS and heterostructures without an Minterlayer
differ almost by an order of magnitude (see inset in
Fig. 4), the values of d0/ε are practically equal for dM <
20 nm. Earlier, the emergence of a conductive layer
(with a thickness up to 50 nm) was observed for other
cuprates on the PrBa2Cu3O7/YBCO interface [15]. It
is known that, in thin CSCO films, reconstruction of
the electron subsystem can take place due to oxygen
nonstoichiometry [16–18]. As was shown in [16],
despite a weak cation diffusion (1–2 atomic cells), the
alteration of the conductivity of contacting materials
on the interface of two oxides can be caused by elec
tron reconstruction, as it takes place on the interface
between a strong Mott insulator and a insulator with a
gap in the excitation spectrum [16]. The charge recon
struction due to a reduction in the oxygen content in
the film during its growth [18] can lead to a signifi
cantly change in the electron subsystem of the CSCO
layer and transition to the metallic state. The assump
tion that the main contribution to the resistance of
MHS is made by the CSCO/Au interface is supported
by the difference in the conductivities, Fermi veloci
ties, and crystallographic parameters of the contacting
materials and by the presence of defects on the inter
face.
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At relatively large dM > 70 nm, a dramatic change in
the R(T) of MHS took place (see inset in Fig. 6). In
this case, the contribution from the resistance of the
barrier, Rb, is no large compared to RM, and the resis
tance of the CSCO film makes an exponential (with an
increase in dM) contribution to RNA.
In the interval of temperatures T = 70–43 K, a
dependence described by (1) was observed, which is
typical for hopping conductivity. The value of the
adjustable parameter, T0 = 7 × 105 K turned out to be
several times smaller than that for autonomous CSCO
film. If the hop length 2r ≅ a(T0/T)1/4 becomes compa
rable with the barrier thickness, then the mechanism
of conduction in MHS can change, e.g., from hopping
to tunneling through localized states [12, 19]. In Fig.
6, this temperature, at which the hop length 2r
becomes equal to d0 and the mechanism of conduction
change, is denoted by TVRH. From the data presented
in Fig. 6, we have TVRH = 43 K and, for dM = 80 nm,
taking into account the dependence of d0/ε on dM (Fig.
5), we obtain d0 = 60 nm and the radius of localization
a ≅ 5 nm. Using the values of T0 and a from the relation
T0 = 24/(πkBNFa3), we find the state density NF = 1018
eV–1 cm–3, which is substantially lower than that
observed in PrBa2Cu3O7 [15].
4. CONCLUSIONS
Thus, as a result of the structural, Xray diffraction,
and electrophysical studies of hybrid mesahetero
structures based on a cuprate semiconductor (YBCO)
with an interlayer of cuprate antiferromagnet
(CSCO), it has been established that the epitaxial
growth of two cuprates, YBCO and CSCO, an inter
face with a high transparency. In the autonomous case,
when a CSCO film is applied immediately onto the
substrate, the material of the interlayer is a Mott insu
lator with hopping conductivity but, on the
YBCO/CSCO interface, the CSCO film is doped with
charge carriers to the depth of about 20 nm to a state
close to metallic, which leads to a reduction in the
resistivity of MHS with a CSCO interlayer as com
pared to the resistivity of an autonomous CSCO film
by two orders of magnitude. At the interlayer thick
nesses more than 70 nm, the resistance of MHS in a
certain temperature interval has a dependence typical
for hopping conductivity, from which we succeeded in
estimating the characteristic temperature of the hop
ping conductivity and the state density on the Fermi
level for the interlayer.
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