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Abstract
We report magneto-transport and magnetization studies of heterostructures comprising of alternately
stacked YBa2Cu3O7- (YBCO) and La1-xPbxMnO3 (LPMO) layers. The c-axis oriented bi-layer and fourlayer YBCO/LPMO heterostructures were prepared in-situ on (100) SrTiO3 substrates using pulsed
laser deposition. Zero-field cooled (ZFC) and field-cooled (FC) magnetization data show that in a
four-layer structure the LPMO layers get antiferromagnetically coupled when the thermodynamicfluctuation induced Cooper pairing begins in the YBCO layers, which is well supported by the
magnetization versus applied field data. Evidence of antiferromagnetic coupling is also reflected in
the temperature dependence of the magnetoresistance.

Introduction

S

UPERCONDUCTIVITY
(SC)
AND
ferromagnetism (FM) are antagonistic
orderings and investigation of their
possible coexistence and mutual influence in
tailor-made SC/FM multilayer structures has
been an active area of theoretical as well as
experimental research for last four decades [1].
The antagonism between SC and FM is
understandable from the microscopic theory: SC
requires an attractive interaction between
electron pairs with antiparallel spins (i.e.
formation of Cooper pairs), whereas for same
electrons participation in magnetic ordering
demands a parallel alignment of electron spins
through an exchange interaction. Therefore, in a
SC/FM heterostructure if exchange field of FM
exceeds the condensation energy of Cooper

pairs (measured in terms of energy gap, ∆) then
destruction of superconductivity can take place
due to paramagnetic effect. However, in SC/FM
heterostructures both superconductivity and
ferromagnetism can coexist. This is because
proximity effect can induce a superconducting
order parameter in FM layer; on the other hand,
the neighboring pair of FM layers can interact
with each other via the SC layer.
An important question is how superconductivity
of a layered SC/FM structure is influenced by the
presence of magnetic layers. The theoretical
work of Radovic et al [2] predicted a phase
difference 0<φ<π between neighboring SC
layers and an unusual oscillatory dependence of
superconducting transition temperature (Tc) on
the FM layer thickness (dFM). However, the
experimental reports on the evidence of π-phase
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superconductivity and oscillations in Tc as a
function of dFM have been mixed [3-5]. For
example, in V/Fe system some experiments
showed oscillations in Tc-dFM [3], while on same
system other experiments showed a rapid
decrease in Tc with increasing dFM followed by a
plateau [4]. Negative results were also published
for Nb/Fe system [5].
Another important issue of SC/FM multilayers is
how the magnetism of FM layers is influenced by
the presence of SC layers. Theoretically it was
shown that the singlet Cooper pairing of
electrons in SC layers leads to a long-range
antiferromagnetic interaction between FM layers
due to Ruderman-Kittel-Kasuya-Yosida (RKKY)
indirect exchange [1,6]. At present, however
there is no experimentally known SC/FM
heterostructure that shows magnetic coupling
either above or below Tc. A recent experimental
attempt in GdN/NbN/GdN trilayers failed to
observe the magnetic coupling between the FM
layers [7]. Sa de Melo theoretically showed that
magnetic coupling in SC/FM heterostructures can
be observed if the superconductor has higher Tc
and ferromagnet has not so large pair breaking
effect [8]. Thus, heterostructures comprising of
high temperature oxide supercondcuctors and
colossal magnetoresistance ferromagnets are
considered to be good systems for such studies.
In this paper, we present some interesting
experimental results of magneto-transport and
magnetic studies carried out on YBa2Cu3O7-δ/La1(YBCO/LPMO)
heterostructures
xPbxMnO3
fabricated using pulsed laser deposition
technique. The results, for the first time, show
that LPMO layers get antiferromagnetically
coupled when the thermodynamic-fluctuation
induced Cooper pairing begins in the YBCO
layers.

Experimental
The bi-layer and four-layer YBCO/LPMO
structures were fabricated on (100) SrTiO3
(STO) single-crystal substrates by pulsed-laser
ablation technique. The details of fabrication are
described elsewhere [9]. Briefly, to fabricate
YBCO/LPMO heterostructures a laser beam from

a KrF excimer laser (wavelength 248 nm, pulse
width 20 ns and repetition rate of 5 Hz) was
alternately focused onto YBCO and LPMO
targets. All the layers were deposited in-situ at
substrate temperature of 730°C and oxygen
pressure of 0.2 torr. In the present studies the
thickness of YBCO layer was kept 100 nm,
whereas the thickness of LPMO layer was varied
between 25 and 100 nm.
X-ray diffraction (XRD) measurements were
performed using CuK radiation to assess the
orientation of the grown heterostructures. The
surface morphology of samples was examined
using atomic force microscopy (AFM). AFM
measurements were carried out under ambient
conditions using a scanning probe microscope
(model-SPM Solver P47) in contact mode.
Rectangular cantilevers of Si3N4 (length 200 µm
and width 40 µm) having force constant of 3
N/m were employed for these measurements.
The electric resistance of the heterostructures
was measured using a standard four-probe
method in the temperature range between 50
and 300 K using a closed cycle helium cryostat
(APD-make). The magnetoresistace of the
heterostructures was determined by applying a
field of 1T parallel to the plane of the substrates.
The magnetic properties of the heterostructures
were studied using a SQUID magnetometer
(Quantum design MPMS model).

Results and Discussion
A typical XRD plot for [YBCO (100nm)/LPMO
(50nm)]2 heterostructure is shown in Fig. 1. The
presence of only (00l) reflections suggests that
both YBCO and LPMO layers have grown with caxis perpendicular to substrate plane. In the
expanded plot, as shown in the inset of Fig. 1,
(002) LPMO, (200) STO and (006) YBCO peaks
are clearly discernible. It is noted that the clattice
parameter
for
LPMO
in
the
heterostructure is 0.3909nm, which is same as
that measured for a LPMO film directly grown on
STO substrate. This suggests that crystallinity of
LPMO layers is unaffected by the presence of
YBCO layers. The c-lattice parameter of YBCO in
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along with XRD data suggest high quality of the
grown heterostructures.
The temperature dependences of normalized
resistance and magnetoresistance for a typical
[YBCO(100nm)/LPMO(25nm)]2 heterostructure
are shown in Fig. 3. The magnetoresistance
(MR) is expressed as (R0-RH)/RH X100, where R0
and RH are the resistance values under zero and
1 T magnetic fields. For comparison, the data of
YBCO and LPMO films are also presented. From
Fig. 3 we infer the following:
(i) For YBCO film, the resistance varies linearly
between 140 and 300 K. Below 140 K (marked
by TCP in the Fig. 3 (a)), the resistance deviates
from the linearity, which is well described in
terms of thermodynamic-fluctuations induced
the heterostructure is determined to be 1.1673
formation of Cooper pairs [11]. Application of
nm. The oxygen content, (7-δ), of YBCO is
magnetic field did not yield any changes in the
computed using the empirical relation: (7-δ) =
normal state resistivity, while Tc is suppressed
74.49 – 57.87 c, where c is the c-lattice
marginally by ~1K.
parameter in nm [10].The value of oxygen
(ii) The R(T) plot of LPMO film exhibits an
content, (7-δ), comes out to be 6.94, which
insulator-to-metal transition (TIM) at 235 K,
suggests that YBCO layers are fully oxygenated.
which is a characteristic property of colossal
magnetoresitive
materials
[12]. The TIM corresponds to
paramagnetic-ferromagnetic
transition
that
occurs
approximately simultaneously
with
insulator-to-metal
transition. The temperature
dependence of MR exhibits
aximal (peak) near TIM. A
Fig. 2 2000 nm X 2000 nm AFM scans of (a) YBCO film on STO substrate,
common explanation of MR is
(b) LPMO film on STO substrate, and (c) YBCO(100nm)/
usually provided in the
LPMO(50nm)]2 heterostucture on STO substrate.
framework
of
doubleexchange mechanism, which
is based on the assumption of the appearance of
In Fig. 2 we show the AFM images of the top
Mn+4 with the substitution of La+3 by a divalent
LPMO layer in [YBCO (100nm)/LPMO (50nm)]2
cation (Pb+2). It is believed that in this case
heterostructure. For comparison, the surface
ferromagnetism results from the strong
morphologies of c-axis oriented YBCO and LPMO
ferromagnetic exchange between Mn+3 and
films grown on STO are also shown in Fig 2.
Mn+4.
YBCO film grows by 3D island growth, while
(iii) The
normal
state
behavior
of
LPMO film grows via 2D layer-by-layer growth.
[YBCO(100nm)/LPMO (25nm)]2 structure is
The surface morphology of top LPMO layer in a
clearly influenced by both insulator-to-metal
heterostructure exhibits a carpeting effect i.e.
transition of LPMO layers at ~235 K and
the morphology of LPMO is dictated by the
fluctuation conductivity of YBCO layers at
morphology of the YBCO layer. These results
Fig. 1 XRD plot of a [YBCO(100nm)/LPMO(50nm)]2
heterostructure. The inset shows the
expanded plot in the 2θ range between 46
and 47°.
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Fig. 3 (a) Normalized resistance as a function of temperature recorded for YBCO film. LPMO film and
[YBCO(100nm)/LPMO(50nm)]2 heterostructure. The straight line is linear fit to the normal state
resistance data of YBCO film and TCP corresponds to onset of fluctuation conductivity in YBCO film. TIM
represents the insulator-to-metal transition in LPMO film. (b) Temperature dependence of
magnetoresistance (obtained at 1T magnetic field) for LPMO film, [YBCO(100nm)/LPMO(25nm)]2 and
[YBCO(100nm)/LPMO(50nm)]2 heterostructures.

~140K.
The
heterostructure
exhibits
superconductivity at 59 K. The Tc of
heterostructures was found to decrease
monotonically with increasing the thickness of
LPMO layers without any significant broadening
of the transition width. This indicates that the
suppression of Tc is not due to the chemical
reaction between LPMO and YBCO. The
suppressed superconductivity in the heterostructure has been attributed to the selfinjection of quasi-particles from YBCO to LPMO
[13]. Due to d-wave symmetry of the order
parameter in YBCO, there is a significant
population of quasiparticle excitations. The
ferromagnetic LPMO, having nearly perfect spin
polarization, allows only those quasiparticles to
diffuse across the YBCO/LPMO interface whose
spins are parallel to those of LPMO. This induces
further pair breaking in the YBCO and results in
depressed Tc. Interestingly the temperature
dependence of the MR exhibits two distinct
peaks at temperatures 235 K (peak-I) and 130 K
(peak-II), respectively. The magnitude of PeakII being much larger as compared to that of
Peak-I. The origin of Peak-I is obviously related
to the CMR property of LPMO layers; while PeakII appears to be correlated with TCP and to

investigate its origin we concentrate on the
magnetic properties of the heterostructures.
In Fig. 4, we show the temperature dependence
of the magnetization recorded in zero-field
cooled (ZFC) and field cooled (FC) conditions.
For a bi-layer structure two different transition
regions can be identified: (i) a paramagnetic to
ferromagnetic (FM) at ~240K and (ii) a
ferromagnetic to diamagnetic transition at ~72
K. The ferromagnetic ordering at ~240 K
corresponds to that observed for LPMO. It may
be noted that in ferromagnetic state, the ZFC
signal is lower than FC signal, and this indeed is
the case with ferromagnetic materials. The
diamagnetic transition at ~72 K indicates that
the bi-layer structure has undergone a transition
to superconducting state. In comparison, the
four-layer structure shows two anomalous
features: (i) antiferromagnetic (AF) ordering at
135 K (as revealed by FC data) and (ii) a larger
ZFC signal as compared to FC signal in the
temperature range 75-170 K. Since at 135 K the
individual LPMO layers are expected to show FM
ordering, therefore an AF ordering at this
temperature in a four-layer structure can arise
only if the spins of two LPMO layers, namely, F1
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Fig. 4.

Zero field cooled (ZFC) and field cooled (FC)
magnetization as a function of temperature recorded for
bi-layer YBCO(100nm)/LPMO(50nm) and four-layer
[YBCO(100nm)/LPMO(50nm)]2 heterostructures. The
inset shows the schematic of the heterostructures: S1
and S2 are YBCO layers, and F1 and F2 are LPMO layers.
Arrows marked at 140, 60 and 5K correspond to
ferromagnetic, antiferromagnetic and diamagnetic states,
respectively.

and F2, align in the opposite directions. It is
interesting to note that AF ordering correlates
with
the
formation
of
thermodynamicfluctuations induced Cooper pairs in the YBCO
layer. This suggests that AF coupling between
CMR layers is prompted by the formation of
Cooper pairs in the HTS layer.
A larger ZFC signal as compared to FC signal is a
consequence of AF coupling between the two
CMR layers i.e. F1 and F2, and is understood as
follows. For the measurement of ZFC
magnetization, the sample is first cooled to 5 K
and then a field of 100 Gauss is applied parallel

to the plane of the structure. The data
is acquired during the warming cycle of
the sample. At 5K, both YBCO layers
i.e. S1 and S2 are in superconducting
state and these layers would expel any
applied field that is lower than lower
critical field. Thus, magnetic layers F1
and F2, which are AF coupled, will have
an additional magnetic flux that is
expelled from S1 and S2 layers. The
additional flux in F1 layer will have
contributions from both S1 and S2
layers, while for F2 the additional flux
would be only from S2. This would lead
to a net positive magnetic moment as
the temperature is increased above Tc.
In the case of FC measurement, first a
100 G field is applied at room
temperature and then magnetization is
recorded during the cooling cycle of
the sample. As field gets trapped at
defects in S1 and S2 layers, the
expelled field is almost negligible,
which results in a temperature
independent magnetization due to AF
interaction between F1 and F2.
However, at lower temperatures
superconductivity dominates and the
heterostructure
shows
a
sharp
diamagnetic transition.

In order to confirm the change in
magnetic ordering i.e. ferromagnetic to
antiferromagnetic to diamagnetic as a
function of temperature in a four-layer
structure, magnetization versus applied field (MH) loops were recorded at three different
temperatures belonging to different regimes of
Fig. 4(b), which are marked by arrows. The
obtained M-H loops are shown in Fig. 5. At 140
K the M-H loop is typical of a ferromagnetic
state. However, at 60 K at low fields the
magnetization varies less sharply with the field.
In addition, the saturation magnetization
decreases significantly, which confirms the
occurring of antiferromagnetic coupling in the
multilayer structure. At 5K, the M-H loop
corresponds to a superconducting state.
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Interestingly the position of peak-II in
temperature dependence of MR, Fig. 3(b),
coincides with the AF coupling of CMR layers.
This implies that the origin of peak-II is similar
to that observed for magnetic/nonmagnetic GMR
multilayers [14]. In the temperature region close
to peak-II, F1 and F2 are AF coupled and
therefore the resistance of the heterostructure is
high due to spin-dependent scattering. On
application of high magnetic field, F1 and F2 get
ferromagnetically aligned resulting in the
decrease of the resistance and hence a
magnetorersistance.
The antiferromagnetic state in YBCO/LPMO
heterostructures as revealed from magnetization
and magnetoresistance data is therefore
consistent with theoretical prediction whereby
antiferromagnetic state arises due to long range
RKKY exchange between neighboring FM layers
through SC interlayer [1,6]. Recently, the
coexistence
of
superconductivity
and
magnetisms has also been reported in a
naturally layered RuSr2GdCu2O8 compound
[15,16] in which CuO layers are responsible for
superconductivity while Gd layers are the
magnetic layers. The Curie temperature and
superconducting transition temperature for this
compound are respectively 132 K and 46 K,
respectively. This implies that superconducting
state arises in a system that already has a
magnetic ordering- a case similar to our
YBCO/LPMO heterostructures. In RuSr2GdCu2O8
compound, it has been experimentally shown
that CuO layers show superconductivity, while in
Gd layers a ferromagnetic ordering occurs in
such a way that the magnetization of
neighbouring layers are antiparallel i.e. the
system exhibits a canted antiferromagnetim
[16].

Conclusions

Fig. 5 Magnetization as a function of field applied
parallel to the substrate-plane for
[YBCO(100nm)/LPMO(50nm)]2
heterostructure recorded at three different
temperatures, namely 140 K, 60 K and 5K.

We have studied the magneto-transport and
magnetic
properties
of
YBCO/LPMO
heterostructures. We have shown that these
heterostrucutures exhibit both superconductivity
and magnetism. Zero-field cooled (ZFC) and
field-cooled (FC) magnetization data of a four-
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layered YBCO/LPMO structure is complex and
exhibit different magnetic states as the
temperature is lowered i.e. paramagnetic,
ferromagnetic,
antiferromagnetic
and
diamagnetic states. The antiferromagnetic state
is found to be correlated with thermodynamicfluctuations induced Cooper pairing in YBCO.
This suggests that Cooper pairing in YBCO leads
to antiferromagnetic interaction between LPMO
layers through RKKY indirect exchange. The
temperature
dependence
of
the
magnetoresistance exhibits two peaks at
temperatures 235 K and 130 K respectively. The
magnetoresistance peak at 235 K corresponds to
colossal magnetoresisitve property of LPMO
layer; while peak at 130 K is a consequence of
antiferromagnetic coupling of LPMO layers.

6.
7.

8.
9.

10.

11.

References
1.

2.

3.

4.
5.

Yu A. Izyumov, Yu N. Proshin, M.G.
Khusainov, Physics-Uspekhi 45, 109
(2002), and references therein
Z. Radovic, M. ledvij, L. Dobrosavljevic,
A.I. buzdin and J.R. Clem, Phys. Rev. B
44, 759 (1991).
H.K. Wong, B.Y. Jin, H.Q. Yang, J.B.
Ketterson, and J.E. Hillard, J. Low Temp.
Phys. 63, 307 (1986).
P. Koorevaar, Y. Suzuki, R. Coehoorn, and
J. Aarts, Phys. Rev. B 49, 441 (1994).
G. Verbanck, C.D. Potter, R. Schad, P.
Belien,
V.V.
Moschalkov,
and
Y.

12.

13.

14.

15.

Bruyseraede, Physica C 235-240, 3295
(1994).
P.W. Anderson and H. Suhl, Phys. Rev.
116, 898 (1959).
J.E. Mattson, C.D. Potter, M.J. Conover,
C.H. Sowers and S.D. Bader, Phys. Rev. B
55, 70 (1997).
C.a.R. Sa de Melo, Phys. Rev. Lett. 10,
1933 (1997).
A. Singh, D.K. Aswal, S. Sen, C.S.
Viswanadham, G.L. Goswami, L.C. Gupta,
S.K. Gupta, J.V. Yakhmi, V.C. Sahni, J.
Crystal Growth 243, 134 (2002).
T.A. Venderah, C.K. Lowa-Ma, D.E. Blis,
M.W. Decker, M.S. Osofsky and M.M.
Miller, J. Crystal Growth 118, 385 (1992).
D K Aswal, A. Singh, S. Sen, M. Kaur C. S.
Viswanadham, G. L. Goswami, S.K. Gupta,
J. Phys. Chem. Solids 63,1797 (2002), and
references therein.
J.M.D. Coey, M. Viret, and S. von Molnar,
Adv. Phys. 48, 167 (1999), and references
therein
N.C. Yeh, R.P. Vasquez, C.C. Fu, A.V.
Samoilov, Y. Li and K. Vakili, Phys. Rev. B
60, 10522 (1999).
P.M. Levy, Solid State Physics, Vol. 47,
Academic Press, 1994, p-367, and
references therein
O. Chmaissem, J.D. Jorgensen, H. Shaked,
P. Dollar and J.L. Tallon, Phys. Rev. B 61,
6401 (2000) J.W. Lyn, B. Keimer, C. Ulrich,
C. Bernhard and J.L. Tallon, Phys. Rev. B
61, R14964 (2000).

This paper received the Best Poster Paper award at the International Symposium on
"Recent Advances in Inorganic Materials," held at IIT, Bombay, during December 1113, 2002
About the authors …
Dr D.K. Aswal joined TPPED (BARC) through 30th batch of Training School. He has made
several contributions in the field of thin/thick films and single crystals of various high
temperature superconductors and colossal magnetoresistive materials. He has also worked on
recently discovered magnesium-di-boride superconductor. Presently, he is working on
HTS/CMR multilayers, metallic-multilayers using molecular-beam-epitaxy and thermoelectric
materials. Dr. D. K. Aswal is a recipient of prestigious JSPS fellowship during 1997-99 and was
awarded Paraj-2000 prize for excellence in science. He has authored more than 120 scientific
publications.

Founder's Day Special Issue

216

BARC Newsletter
Mr Ajay Singh joined TPPED through 42nd batch of Training School. His area of research are
development of thermoelectric devices and thin films & multilayer structures of high
temperature superconductors and colossal magnetoresistive materials.

Dr S.K. Gupta joined BARC in 1975 and is presently Head of Thin Films Devices Section in
TPPED. Over the years, he has worked on space quality silicon solar cells, high temperature
superconductor thin films and single crystals, gas sensors and thermoelectric materials. He is a
member of the National Academy of Sciences, India.

Dr J.V. Yakhmi, Head, Technical Physics and Prototype Engineering Division, BARC, has
worked in BARC for the past 37 years on diverse areas of research in materials science, such
as, high Tc systems, magnetic alloys, molecular materials, etc.

Dr V.C. Sahni, Director, Physics Group, BARC, joined BARC in1965. He has made important
contributions in lattice dynamics of complex crystals, group theoretical methods as applied to
solid state physics, Raman spectroscopy, measurement of electron momentum densities, quasi
crystals, magnetization studies of many superconducting and several magnetic materials using
SQUID magnetometer etc. Besides condensed matter physics, Dr. Sahni has specialized in the
indigenous development of physics related instrumentation, particularly UHV based instruments
and synchrotron radiation utilisation equipment for the storage ring INDUS-1 & upcoming ring
INDUS-2 at Centre for Advanced Technology (CAT), Indore. Dr. Sahni is a Fellow of the National Academy of
Sciences, India and an INSA Young Scientist Awardee. He has also been a Visiting Fellow at the Centre for
Chemical Physics UWO, Ontario, Canada during 1981 -1982, INSA-USSR Academy Exchange Fellow in 1987 and
INSA-Royal Society (UK) Exchange Fellow in 1993. Dr. Sahni has published over 250 scientific papers, coauthored
the book “Dynamics of Perfect Crystals” and co-edited another book “Developments in Theoretical Physics”.
Mr Chebolu Subrahmanya Viswanadham, M.Sc. (Physics), IIT Madras, 1980, is a physicist
from the 24th batch of BARC Training School. He worked in different areas of materials science,
including irradiation effects on nuclear fuels, fuel element behaviour modeling and material
characterization. He is currently with the Laser Processing & Advanced Welding Section. His
current research interests include pulsed laser deposition of thin films, UV laser micromachining,
numerical modeling of laser material processing, and process monitoring using optical emission
spectroscopy.
Mr Gyanottam Lal Goswami, B.E. Metallurgy, University of Roorkee,1970, is a metallurgist
from the 14th batch of BARC training school. He worked on Nuclear fuel element fabrication.,
GTAW welding, Thermodynamics of nuclear materials and Laser materials processing. He has
setup a Laser Material Processing laboratory at Trombay. He is currently Head, Laser Processing &
Advanced Welding Section. His current research interests include laser material processing and
system integration for laser processing.
Prof. L.C. Gupta has special intestest on the studies of phenomena such as ferroelectricity,
magnetism, valence fluctuations and superconductivity applying microscopic techniques of NMR,
NQR, Mossbauer and Mu-SR as well as bulk techniques. Subsequent to the discovery of
supercondcuting quaternary borocarbide system Y-Ni-B-C (reported in Solid State Commun. 87,
413 (1993) and Phys. Rev. Letters 72, 274 (1994)), he has been particularly concerned with the
identification of new intermetallic ternary and quaternary superconducting materials.

Founder's Day Special Issue

217

The simultaneous analysis of the magnetic properties and the transport behavior suggests a bimodal grain size distribution. A detailed
quantitative description of the unusual features observed in the transport properties is given. PACS numbers: 75.47.De; 75.70.Cn;
75.20.En; 73.43.Qt. I. INTRODUCTION.Â In this paper we present a systematical study of the magnetic and magnetotransport
properties of vac-uum evaporated granular Fe-Ag structures. The ob-served large, negative non-saturating magnetic eld de-pendence
and the unusual sublinear temperature depen-dence (d2R/dT 2 < 0) of the resistivity have been an-alyzed simultaneously.

