
C
L

X
D

a

A
R
R
A
A

P
7
7
7
7

K
C
F
M
C
s

1

s
d
i
m
s
p
t
r
s
n
c
i
m
t
o
(
a

0
d

Journal of Alloys and Compounds 509 (2011) 5472–5476

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

oexistence of superconductivity and ferromagnetism in
a1.85Sr0.15CuO4–La2/3Sr1/3MnO3 matrix composites

uecan Yao, Yuan Jin, Mingtao Li, Zhe Li, Guixin Cao, Shixun Cao, Jincang Zhang ∗

epartment of Physics, Shanghai University, Shanghai 200444, China

r t i c l e i n f o

rticle history:
eceived 6 November 2010
eceived in revised form 22 February 2011
ccepted 22 February 2011
vailable online 1 March 2011

ACS:
4.72.Dn
4.62.Dh
4.25.Fy

a b s t r a c t

In order to clarify the interaction between superconductivity and magnetism, a series of
(La1.85Sr0.15CuO4)1−x (La2/3Sr1/3MnO3)x matrix composites (x = 0–0.2, mole fraction) was successfully pre-
pared by solid-state reaction method. Based on the electrical transport measurements, it is found that the
superconductivity is gradually suppressed as increasing the content of La2/3Sr1/3MnO3 (LSMO) mangan-
ites and that the superconductivity still exists in the composites even though plenty of LSMO is introduced
into La1.85Sr0.15CuO4 (LSCO) superconducting cuprate. At the same time, the results of the magnetic mea-
surements also demonstrate the coexistence between superconductivity and ferromagnetism when the
CuO2 planes are intact as follows from the results of X-ray diffraction (XRD). In the whole, the present
experiments show that the ferromagnetism in the microscale does not destroy superconductivity for LSCO
5.47.Lx

eywords:
uprate superconductor
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cuprate in this kind of the matrix composites, and the intercalation of LSMO may lead to an electronic
phase separation in LSCO with the hole rich and/or hole poor regions.

© 2011 Elsevier B.V. All rights reserved.
oexistence of ferromagnetism and
uperconductivity

. Introduction

In the recent years, interface properties of ferromagnets and
uperconductors have been one of the most interesting topics
ue to potential device applications in superconducting electron-

cs [1–6]. In conventional s-wave superconductors, local magnetic
oments break up spin-singlet Cooper pairs and hence strongly

uppress the superconductivity (SC). Large numbers of research
apers on the effects of impurities substitution on superconduc-
ivity show that a level of magnetic impurity of 1% only, can
esult in a complete loss of SC. However, it was found that the
uperconductivity can coexist with the “striped” antiferromag-
etic order which is induced by an applied magnetic field in a
uprate superconductor [7]. Therefore, it is significant to find the
ntrinsic competition mechanism between superconductivity and

agnetism. However, the relationship between the superconduc-

ivity and magnetism mentioned above has been mainly focused
n La–Sr–Cu–O based system with a mixture of ferromagnetism
FM) metal. It is well known that the characteristics of CuO2 planes
re essential to understand the unconventional superconductivity

∗ Corresponding author.
E-mail address: jczhang@staff.shu.edu.cn (J. Zhang).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.02.126
and the anomalous transport behavior of normal state in cuprate
superconductors. One is that the high superconducting transition
temperature (Tsc) superconductivity can be obtained by appropri-
ate substitution of Sr for La in the form of La1.85Sr0.15CuO4 due to
some hole-carries introduced by Sr in CuO2 planes [8]. Another is
that the superconductivity in La1.85Sr0.15CuO4 can be significantly
suppressed by both the magnetic and nonmagnetic impurities dop-
ing on the Cu sites [1,2,9–18]. Here, to avoid the destruction of
CuO2 planes in La1.85Sr0.15CuO4 with intercalation of ferromag-
nets, we have studied the influence of La2/3Sr1/3MnO3 (LSMO) on
the superconductivity of La1.85Sr0.15CuO4 (LSCO) below the Tsc.
The similar structural and transport properties of the manganite
and cuprate powders have stimulated many attempt of build-
ing hybrid composite [19–22]. La2/3Sr1/3MnO3 was chosen in this
study due to the fact that it is a typical double exchange ferro-
magnetic compound with a high Curie temperature (TCurie = 370 K)
owning to its very large one-electron bandwidth [23–27]. In order
to clarify the interaction between superconductivity and mag-
netism, in this work, we successfully prepared a series of matrix

composites with a stoichiometric formula of (La1.85Sr0.15CuO4)1−x
(La2/3Sr1/3MnO3)x(LSCO/LSMO) by solid-state reaction method.
The present system of LSCO/LSMO provides a good example for
studying the effect of FM on superconductivity where the Cu–O
planes are not destructed. In the whole, our experiments show that

dx.doi.org/10.1016/j.jallcom.2011.02.126
http://www.sciencedirect.com/science/journal/09258388
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ig. 1. (a) Room temperature X-ray diffraction pattern of LSMO, LSCO and their co
nd c) of LSCO with x for all the composites at room temperature.

he ferromagnetism in the microscale does not destroy supercon-
uctivity for LSCO cuprate in this kind of the matrix composites.
he present results will be meaning to understand the interaction
nd coexistence mechanism between ferromagnetism and super-
onductivity in the matrix composites.

. Samples and experiments

The matrix composites of (La1.85Sr0.15CuO4)1−x(La2/3Sr1/3MnO3)x (x = 0.00, 0.02,
.04, 0.08, 0.10, 0.20) were prepared from LSCO and LSMO polycrystalline powder,
espectively. Here, polycrystalline samples of nominal composition La1.85Sr0.15CuO4

ere firstly synthesized by the convenient solid state reaction method from heat
reating stoichiometric quantities of high purity La2O3, SrCO3, and CuO powders
t 1000 ◦C for 20 h in air atmosphere. The heat treatment was repeated three times
fter grinding and repelletizing each time to ensure the homogeneity of the samples.
t the same time, polycrystalline samples of nominal composition La2/3Sr1/3MnO3

as prepared by the solid state reaction of high purity La2O3, SrCO3, and MnO2.
he raw materials were mixed, pelletized and sintered at 1000 ◦C for 12 h, 1200 ◦C
or 24 h and 1350 ◦C for 24 h with intermediate grinding and repelletizing. Finally,
he obtained powders of LSCO and LSMO were prepared by mixing 2, 4, 6, 8, 10
nd 20 mol% of LSMO phase with 98, 96, 94, 92, 90 and 80 mol% of LSCO phase,
espectively. To avoid the destruction of CuO2 planes in LSCO with intercalation of
SMO, we choose the low sintering temperature and short sintering time. There-
ore, the composite mixtures were ultimately pressed into pellets at the pressure of
2 MPa/cm2 and sintered at 900 ◦C for 8 h to yield the final matrix composites.

The structural characterization was done by using the X-ray diffraction (XRD,
igaku18 kWD/MAX-2500 diffraction with Cu-K� radiation) at room temperature in
he 2� range of (20–80◦) with a step of 0.02◦ . The surface morphology was observed
y scanning electron microscopy (SEM). The magnetic measurements were per-
ormed by utilizing a vibrating sample magnetometer (VSM) in the temperature
ange from 2.5 to 380 K. The temperature dependent resistivity measurements were
arried out using the standard four-probe method in a Physical Property Measure-
ent System (PPMS) at a temperature range from 2.5 to 100 K. Silver paint was

sed to make electrical contacts on the sample and Cu wires were used as electrical
eads. The experimental results are well repeatable on the structure and physical
roperties for all experimental samples.
. Results and discussion

The room temperature powder XRD patterns of experimental
amples for LSCO/LSMO matrix composites (x = 0.00, 0.02, 0.04,

able 1
he lattice parameters of LSCO and LSMO (a and c), Tsc-off and M (100 K) for LSCO/LSMO co

x (mol) LSCO LSMO

a (Å) c (Å) a (Å)

0 3.7754 13.2333 –
0.02 3.7791 13.2423 –
0.04 3.7797 13.2440 –
0.06 3.7789 13.2401 5.4982
0.08 3.7777 13.2372 5.4885
0.10 3.7818 13.2519 5.5013
0.20 3.7798 13.2430 5.4947
1 – – 5.4907
tes. Note that all the peaks are identified. (b) Variation in the lattice parameters (a

0.06, 0.08, 0.10, 0.20, 1.00) are shown in Fig. 1(a). The XRD pattern
of the parent LSCO can be indexed to a tetragonal unit cell with
lattice parameters a = 3.7754 Å and c = 13.2333 Å and that of LSMO
to an orthorhombic unit cell with lattice parameters a = 5.4907 Å,
and c = 13.3245 Å using the standard least-squares refinement of
the patterns (in Table 1). These results of XRD patterns in Fig. 1(a)
show well that the characteristics of matrix composites and the
phase coexistence of LSCO cuprates and LSMO manganites are com-
patible with each other for the composite samples, indicating no
observable chemical reaction between the two components during
the final calcination and the CuO2 planes are not broken. With the
increment of LSMO content, the intensity of the LSMO peaks grad-
ually increases, although the intensity of the LSCO peaks barely
decreases. Using the standard least-squares refinement of the pat-
terns, the lattice parameters for both phases have been calculated
except for the composites beyond the resolution limit of the XRD
(x = 0.02, 0.04). Fig. 1(b) shows the lattice parameters of LSCO, a
and c, are scarcely changed with increasing LSMO content for all
the samples. Taking into account the scattering, the particle size,
depth of sample packing and packing method for the sample may
result in the fluctuation of a and c.

SEM of all the composites was taken in order to obtain an idea
about the distribution of LSMO in LSCO. The representative SEM
micrographs of LSCO/LSMO matrix composites with x = 0.04 and
x = 0.20 are shown in Fig. 2, respectively. Moreover, energy disper-
sive X-ray (EDX) spectra of the doped composite for x = 0.04 and
x = 0.20 shows the manganese peak along with La, Sr, Cu and O
peaks, which also indicates that the manganese content of LSMO
rises with increasing x.

Fig. 3 shows the temperature dependence of the reduced
resistivity and x dependence of Tsc-off (the off-set point) in the

temperature range of 2.5–100 K for the LSCO/LSMO matrix com-
posites under zero field, in which a normalized resistivity is used
by �(T)/�(T = 40 K) to reveal the distinct changing tendency of the
resistivity with increasing the temperature. For all the samples, the
resistivity decreases abruptly at about 38 K, manifesting the occur-

mposites (defined in text).

Tsc-off (K) M(100 K) (emu/g)

c (Å)

– 37 0.0055
– 28 0.0604
– 25 0.1143

13.2322 23 0.1871
13.2439 21 0.2850
13.2684 19 0.4207
13.2466 8 0.9869
13.3245 – –
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Fig. 2. Scanning electron micrographs and EDX spe

ence of superconductivity, and the superconducting transition get
roadened upon increasing x. In order to compare the values of the
uperconducting transition temperature (Tsc) more clearly, Tsc is
arked at two points commonly [28], the on-set point Tsc-on and
sc-off. Tsc-on is defined as the crossing point of an extended line
rom the steepest slope of transition and an extracted line of the
ormal state while Tsc-off is the crossing point of the extended line
nd x-axis. The difference between Tsc-on and Tsc-off is defined as the

ig. 3. Details of the temperature dependence of reduced resistivity under a zero
eld in a low temperature region of 2.5–100 K for LSCO with the various doped of
SMO (x = 0.02, 0.04, 0.06, 0.08, 0.10, 0.20, 1.00). The inset is the superconducting
ransition temperature Tsc-off versus x.
f LSCO/LSMO composite with x = 0.04 and x = 0.20.

transition width �Tsc, which is an indication of the homogeneity of
hole-distribution in the sample. The narrower, the more homoge-
nous the sample is. We pay more attention to the Tsc-off in our study
because of the negligible shift (not shown here) of Tsc-on unified as
40 K for all the composite samples. The variety of Tsc-off can indicate
the variety of �Tsc with increasing x observably. The inset of Fig. 3
(at the right bottom) shows that Tsc-off decreases from 28 to 8 K with
increasing the mole fraction of LSMO from 0.02 mol to 0.20 mol,
which is almost consistent with previous experimental results [29].
In our study, it is very interesting that the effect of FM on super-
conducting suppression is less stronger than the results from Hsu
et al. [30]. From the results of XRD, we believe that there is no any
chemical reaction between the composites which may lead to such
drastic reduction in the superconducting volume fraction and the
change in resistivity behavior at low temperature. Also, we think
that if there is a chemical reaction between the composites there
should have been a reduction in Tsc-off. These results suggest that
something should be happening at the microscopic level in LSCO
upon intercalation with LSMO.

As we all know, LSMO manganites are ferromagnetic when the
temperature is lower than the magnetic phase transition tem-
perature (Curie temperature, TCurie). It will cause the breaking of
Cooper pairs in the interface between LSMO and LSCO. Therefore
the superconductivity suppression in the composites indicates the
interaction between superconductivity and magnetism in the grain
boundary of LSCO/LSMO. The grain boundary effects like interface
disorder, strain and interdiffusion have been taken into account in
other study [31]. We hypothesize that one of the possible reasons
for such a change in the resistivity behavior can be that the inter-
calation of LSMO may be leading to an electronic phase separation

in LSCO with hole rich and hole poor regions. If that is the case the
observed decrease in the superconducting volume fraction can be
explained to be due to the absence of superconductivity in the hole
poor regions of LSCO. Due to low sintering temperature and short
sintering time during the final calcination, the interaction between
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Fig. 4. Magnetization M versus temperature T for all the samples with field-cooled
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be the cause for the observed broad �Tsc. The magnetic proper-
FC modes (2.5–380 K). Lines are guides for the eyes. Superconducting volume
raction decreases drastically on intercalation with LSMO whereas TCurie is almost
naffected.

he superconductivity and magnetism grows faint and the elec-
ronic phase separation becomes more slowly. These results also
uggest a competition between magnetism and superconductivity
n LSCO/LSMO, although the proximity effect cannot be established
nambiguously in the polycrystal composites. Descent of the crit-

cal temperature of LSCO can due to pair-breaking by carriers of
SMO injected into the grain boundary of LSCO/LSMO.

Fig. 4 shows the magnetization (M) versus temperature (T)
M–T) for all the samples in field-cooled (FC) modes (under 100 Oe
eld). The left vertical line at 38 K indicates Tsc-on change hardly
hich is consistent with the result in Fig. 3, at the same time the

ight vertical line at 374 K represents Curie temperature (TCurie) of
SMO manganites. Based on these M–T curves, there is a mono-
onic increase in the magnetization with increase in x for all the
amples. The magnetization results testify that existence of LSMO
anganites particle leads to an increase of magnetization, which is

aused not only by dilution effect, but also by its interaction with
he neighboring FM particles. The two visible transition points in
he M–T curves from 2.5 K to 380 K for all the composites are due to
he fact that the paramagnetic to ferromagnetic phase transition for
SMO and superconductivity phase transition for LSCO are intrinsic
nd intragrain property, respectively. It is also shown that there is
o reaction between LSCO and LSMO since all the TCurie shift hardly
ith increasing x. The previous magnetism investigation results

ndicate that TCurie of LSMO manganites will shift to lower temper-
ture when they border upon superconductors due to proximity
ffects [28]. However, TCurie of LSMO hardly changes in every matrix
omposite when LSMO enter LSCO compound in our study, if LSCO
nd LSMO play their roles, respectively in the composites. It also
hows that there is the coexistence distinctly between LSCO and
SMO in the matrix composites at the temperature range from 2.5 K
o 380 K.

Hysteresis loops (M–H) measured below (T = 4 K) and above the
uperconducting onset (T = 40 K) are shown for typical samples of
SCO/LSMO matrix composites with x = 0.02, x = 0.08 and x = 0.20 in
ig. 5. For the samples at 40 K, the clear observation of the magnetic
roperties shows that the ferromagnetic hysteresis characteristic
n the present LSCO/LSMO matrix composites, and there is a lin-
ar increase in the saturation magnetization (Ms) with increasing
. It is also clearly observed that there is a central peak around
ero field for the LSCO/LSMO matrix composites with x = 0.02 at
Fig. 5. Magnetization loops for LSCO/LSMO composites (x = 0.02, x = 0.08 and
x = 0.20) measured at 4 K and 40 K, respectively.

4 K, which demonstrates characteristic superconducting-like hys-
teresis loop as expected from parent LSCO. With increasing x, the
central peak around zero field die down gradually, which is due
to the fact that the hole-distribution become less homogeneous
in the composites with the intercalation of LSMO in the grain
boundary. For the composite of LSCO/LSMO with x = 0.2 at 4 K, the
M–T presents typical ferromagnetic hysteresis loop shape. These
magnetic hysteresis loops in different temperature ranges show
a complex behavior that is due to the interplay between Meissner
currents in the polycrystalline LSCO and the magnetic fields present
in the polycrystalline LSMO.

4. Conclusion

We have successfully synthesized the matrix composites
of (La1.85Sr0.15CuO4)1−x(La2/3Sr1/3MnO3)x for x = 0–0.20 mol by a
conventional solid-state reaction method and the temperature
dependent electrical and magnetic properties of the samples are
investigated. The resistive transport properties exhibit a gradual
suppression of the superconductivity as increasing LSMO content.
Although intercalation of LSMO in LSCO does not change the onset
of superconducting transition temperature considerably, the offset
of superconducting transition temperature decreases drastically
with increase in x. It is proposed that the intercalation leads to a
hole segregation in the grain boundary of LSCO/LSMO, which may
ties present that there are coexistence and competition between
the magnetism and superconductivity where the CuO2 planes
are intact. The saturation magnetization increases monotonically
with increase in x, indicating the gradual increase of the mag-
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etic phase. The ferromagnetic–paramagnetic transition of LSMO
s clearly observed from M–T and TCurie of LSMO change hardly for
ll the composites, because there are no reaction between LSMO
nd LSCO. The present experiments show that the ferromagnetism
oes not destroy superconductivity for LSCO cuprate in this kind of
he matrix composites. Therefore, the CuO2 plane is very important
o understand the relationship between the superconductivity and

agnetism, but it is not the only factor. The result will be meaning
o understand the interaction and coexistence mechanism between
erromagnetism and superconductivity.
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