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The electrical and magnetic properties of the composites (La; g5Stg 15CuO,4);_,(Lag3Dy( 4Sro3Mn0O3), with
0=x=<0.15 were studied by resistivity, ac susceptibility, and magnetization measurements. The undoped
La; g5S1( 15Cu0, (LSCO) undergoes a superconducting transition at ~40 K, whereas Lay 3Dy 4Sro3MnO3
(LDSMO) exhibits an insulator-to-metal transition (7))~ 100 K and a spin glass transition (7;) ~70 K. The
saturation magnetization of the composites shows an increase with increase in x. The onset temperature (7.) of
the superconducting transition of LSCO remains almost unaltered upon intercalation with LDSMO, whereas
the superconducting volume fraction decreases drastically with increase in x. The normal state resistivity of
LSCO changes from the initial metallic behavior to that of an insulator when x is increased. The signature of
another magnetic transition is observed in the composites below 7 in the ac susceptibility and magnetization
measurements. The nature and frequency dependence of this magnetic transition could not, however, be
determined due to the onset of superconducting transition. On the basis of analysis of the resistivity data, it is
conjectured that intercalation of LSCO with LDSMO leads to charge localization in LSCO which suggests

possible microscopic phase separation of LSCO into hole-rich and hole-poor regions.
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I. INTRODUCTION

Transition metal oxides with perovskite structure have
generated a great deal of interest since the 1950s due to the
variety of electrical and magnetic properties that they ex-
hibit. Two important findings in this context are the occur-
rence of high temperature superconductivity (HTSC) in hole
doped copper oxide perovskites, and colossal magnetoresis-
tance (CMR) in manganates. The undoped parent compounds
of the cuprate superconductors are insulators and they ex-
hibit long range antiferromagnetic order due to the ordering
of Cu?* moments.?> The antiferromagnetic order disappears
upon hole doping and superconductivity sets in above a criti-
cal doping level. The complex phase diagram of the seem-
ingly simple copper oxide superconductor La;_.Sr,CuO, has
been extensively studied and the magnetic state is found to
change dramatically*~!> with Sr doping. From muon spin ro-
tation and nuclear magnetic resonance measurements,'3~!”
the superconducting order is observed to coexist with the
spin glass order in La;_,Sr,CuO, until a critical doping x,
=0.19, where the normal state pseudogap closes. An increase
in the spin-glass ordering temperature is also reported with
Fe doping'® in La, Sr,Cu;_,Fe O, in the underdoped re-
gime. The suppression of superconductivity by magnetic or-
der has also been studied extensively in manganite oxide
ferromagnet/cuprate superconductor heterostructures re-
cently, due to its importance in understanding the mechanism
of HTSC.!*2!

In this paper we report the results of our
investigations  carried out on the  composites
(Lal'gssro'lscuoz;)l_x(LaO'3Dy0.4sr0'3MHO3)x. The Study of
variation in physical properties of the cuprate superconductor
La, gsSry ;5CuO, (LSCO) for small intercalations of the
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CMR material Lag 3Dy, 4Sro 3MnO5 (LDSMO) was taken up
in view of the similarity in the crystal structure and compo-
sition of the cuprate superconductors with those of the CMR
manganates.”> LDSMO was chosen in this study due to its
low ferromagnetic coupling compared to La ;Sr; 3MnO5 and
also due to the fact that it undergoes a spin glass
transition?>?* below ~70 K. It is felt that studies on the
composites can reveal the effect of short range magnetism on
high temperature superconductivity. One can think of sev-
eral, different possibilities for the effect of magnetism of
LDSMO on the physical properties of LSCO. First of all,
considering the fact that superconducting LSCO is a doped
antiferromagnet, it is possible that the short range antiferro-
magnetism in LDSMO could enhance the superconductivity
of LSCO. Second, the proximity of a material like LDSMO
may result in magnetic pair breaking in LSCO causing a
partial quenching of superconductivity. Third, the short range
magnetic ordering in LDSMO can induce a spin glass order-
ing in LSCO at a higher temperature than that of the undoped
LSCO which is ~45 mK."> Hence it is necessary to carry out
experimental investigations on the composites to get clear
knowledge on the effect of proximity of LDSMO on the
physical properties of LSCO.

II. SAMPLE PREPARATION AND CHARACTERIZATION

A series of samples
(Lay 5Sr0.15Cu0y);_((Lag3Dy(4Sr93sMn0O;),,  denoted  as
(LSCO),_(LDSMO),, with x=0, 0.015, 0.03, 0.06, 0.09,
0.12, 0.15, and 1 were prepared by the solid state reaction
route. Polycrystalline samples of LSCO were prepared by
heat treating stoichiometric quantities of high purity La,O;,
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SrO, and CuO powders at 1050 °C for 36 h in oxygen atmo-
sphere. The heat treatment was repeated three times after
grinding and repelletizing each time to ensure the homoge-
neity of the samples. Similarly, polycrystalline LDSMO was
prepared by the solid state reaction of La,03, SrO, Dy,0;,
and Mn;0,. The raw materials were mixed and pelletized
and were sintered at 1000 °C for 15 h, 1400 °C for 10 h and
1400 °C for 8 h with intermediate grinding and repelletiz-
ing. The samples were finally quenched at LN, temperature
from 1000 °C. The required amounts of LSCO and LDSMO
were mixed, ground, and pressed into pellets and an addi-
tional heat treatment at 1000 °C for 48 h was given in oxy-
gen atmosphere to prepare the composites.

The crystal structure and the phase purity of all the
samples were determined by analyzing the x-ray diffraction
pattern (XRD). The XRD measurements were carried out
using Cu Ka radiation with the PANalytical; X’ Pert PRO
diffractometer. Figure 1 represents the x-ray diffraction pat-
terns of all the samples that are studied. The intensities are
plotted on a logarithmic scale for ensuring clarity of the low
intensity lines. A very small quantity of (SrCu);_sO05_s (*) is
present as an impurity in LSCO. There are another two lines
with very small intensities, marked by “c,” which could not
be indexed to any known phases. We believe them to be
some compound of La, since the other impurity lines corre-
spond to Sr and Cu rich phases. A small amount of DyMnO,
(#) is present in LDSMO. Until x=0.09, all the prominent
peaks in the XRD patterns of the composites could be in-
dexed to those of LSCO and LDSMO. The remaining lines
with very low intensities correspond to the impurity phases
present in the undoped LSCO and LDSMO used for making
the composites. The impurity phases, which are seen in
LSCO and LDSMO, are absent in the composites with x
=0.12 and 0.15. Instead, a new impurity line is seen in these

composites. We attribute this line to (La,Sr)(La,Dy),CuQO,,
which, we believe, arises due to the reaction between the
impurities present in the undoped compounds, since they dis-
appear in the composites with x=0.12 and 0.15. Thus we find
that chemical reactions have not taken place between LSCO
and LDSMO in the composites.

The XRD pattern of the undoped LSCO can be indexed to
a tetragonal unit cell with Ilattice parameters a
=3.779 56(24) A and ¢=13.2451(8) A and that of LDSMO
to an orthorhombic unit cell with lattice parameters a
=7.734(5) A, b=3.8511(15) A, and ¢=3.839(3) A. A broad-
ening is observed in some of the lines in the XRD pattern of
LSCO in the composites, especially in (110) and (200) lines,
with increase in x until x=0.12. For the composites with x
=0.12 and 0.15 the structure changes to orthorhombic with a
doubling of the lattice parameters along a and b. These re-
sults suggest that there is a distortion in the LSCO lattice
upon intercalation with LDSMO. The variation in lattice pa-
rameters with x is shown in Fig. 2(a). There is an overall
increase in the a lattice parameter except for x=0.015
whereas the ¢ lattice parameter shows a decrease with in-
crease in x. This leads to a decrease in the c¢/a ratio which is
shown in Fig. 2(b). The c¢/a ratio is observed to decrease
rapidly with increase in x for low values of x and shows a
tendency for saturation when x is increased beyond 0.06. The
lattice parameters (a/b, b/2, and c) of the composites with
x=0.12 and 0.15 are plotted on the right y-axis. (The dotted
lines in the figure are just guides to the eyes.)

Scanning electron micrographs (SEM) of all the samples
were taken in order to obtain an idea about the distribution of
LDSMO in LSCO. The SEM of undoped LSCO and the
composite with x=0.03 are shown in Figs. 3(a) and 3(b),
respectively. LSCO is observed to form grains with an aver-
age size of the order of a few microns. The La-to-Sr ratio in
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FIG. 2. (a) Variation in the lattice parameters of LSCO with x.
Lattice parameters a and ¢ for composites with x=0 to 0.09 are
plotted on the left y-axis and a/2, b/2, and c for the higher values
of x in the right y-axis. (b) The variation in ¢/a ratio with x. The
dotted lines are guides to the eyes.

LSCO is determined to be around 1.850:0.144 from EDAX
measurements which is very close to the stoichiometry
(1.85:0.15) of LSCO that is taken for the present study. The
second phase corresponding to LDSMO is observed in the
SEM pictures of the composites. Small particles of LDSMO
(size of the order of a few hundreds of nanometer) are ob-
served to be distributed over the LSCO matrix without any
preferential adherence to the grain boundaries. The density
of these small particles increases with increase in x. The
SEM of the composites taken after slicing them also showed
a similar distribution of the fine grains of LDSMO over the
larger grains of LSCO indicating the homogeneous distribu-
tion of LDSMO in the composites.

The electrical properties were studied by resistivity mea-
surements using the typical four probe method. Silver paint
was used to make electrical contacts on the sample and Cu
wires were used as electrical leads. The magnetic properties
were studied by ac susceptibility and dc magnetization mea-
surements using a physical property measurement system
(PPMS, Quantum Design).

III. RESULTS AND DISCUSSION

The temperature dependence of resistivity and ac suscep-
tibility for LDSMO are shown in Fig. 4. As seen from the
resistivity data, when the temperature is lowered, LDSMO
undergoes an insulator-to-metal transition around 100 K. A
spin glass transition is also observed at a lower temperature
T;=70 K, which is manifested as a cusp in ac susceptibility
data. The results of the detailed studies carried out on the
spin glass transition of LDSMO are published elsewhere.?
The magnetization (M), measured as a function of the ap-
plied field (H) at 10 K is shown in the inset of Fig. 4. The
saturation magnetization is observed to be more than
100 emu/g.

The variation of resistivity of the undoped LSCO as well
as the composites is plotted as a function of temperature in
Fig. 5. The undoped LSCO shows a temperature dependence
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FIG. 3. SEM of (a) LSCO and (b) the composite with
x=0.03.

of resistivity that is typical of a metal whereas the compos-
ites with x=0.03 show semiconductinglike behavior. The
composite with x=0.015 shows a metallic behavior down to
~80 K, below which a semiconductinglike upturn is ob-
served in the resistivity. It is seen that the composites with
x=0.03 show almost similar temperature dependence of re-
sistivity. The values of the resistivity of the composites with
0.03=<x=0.12 are comparable to each other. They all have a
resistivity of the order of 0.05 ) cm at 25 K. Hence the re-
sistivity data shown in Fig. 5 are multiplied by 1.5, 3, 3.5,
and 3 for x=0.06, 0.09, 0.12, and 0.15, respectively, for the
clarity of presentation. The composite with x=0.15 has a
slightly higher value of resistivity, around 0.1 {) cm at 25 K.
The onset temperature of the superconducting transition (7.)
of undoped LSCO is measured to be around 40 K indicating
that the Sr doping is optimum in this compound. It can also
be inferred from the sharpness of the superconducting tran-
sition that the sample is highly homogeneous. The region
near the superconducting transition of LSCO is expanded
and is shown in the inset of Fig. 5 for x=0 and 0.015.
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FIG. 4. ac susceptibility (circles) and resistivity (stars) of
LDSMO as a function of temperature. The variation of magnetiza-
tion as a function of applied field, at 10 K, is shown in the inset.

As can be seen from Fig. 5, the resistivity of the compos-
ites is larger than that of the undoped LSCO for all the
samples that we have studied. Except for the one with x
=0.015 all the other composites show an increase in room
temperature resistivity of about one order of magnitude
greater than that of the undoped LSCO. Even in the case of
the sample with x=0.015, where the LDSMO content is only
1.5% there is a substantial increase (~50% at room tempera-
ture) in resistivity compared to the undoped LSCO and semi-
conducting up turn in resistivity below ~80 K. The observed
semiconducting like behavior (for x=0.03) and the large in-
crease in resistivity of the composites is quite surprising be-
cause the major phase in the composites is LSCO, which is
metallic. The SEM pictures do not show any selective depo-
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FIG. 5. Variation of the scaled (see the text) resistivity of LSCO
and the composites with respect to temperature. The continuous
lines are a fit to the resistivity assuming variable range hopping
conduction below ~120 K and the dashed lines represent a fit as-
suming thermally activated conduction above ~180 K. The region
near the superconducting transition of LSCO is shown in the inset
for x=0 and 0.015.
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sition of LDSMO in the grain boundaries of LSCO. So, the
semiconductinglike behavior cannot be attributed to grain
boundary effects. Also, the onset 7. does not vary much
among the composites, but there is a broadening in the su-
perconducting transitions in the composites as compared to
that of the undoped LSCO. AT, [T .(onset)—T.(R=0)] for the
undoped LSCO is around 2 K whereas it is more than 4 K in
the composites. It is to be noted here that the resistivity does
not vanish completely in the superconducting state for the
composites even for the smallest value of x pointing out the
fact that there is a drastic reduction in the superconducting
volume fraction of LSCO on intercalation with LDSMO.
From the results of XRD and SEM, we do not expect that
there is any chemical reaction between the composites which
may lead to such drastic reduction in the superconducting
volume fraction and the change in resistivity behavior. Also,
we think that if there is a chemical reaction between the
composites there should have been a reduction in 7,. These
facts suggest that something should be happening at the mi-
croscopic level in LSCO upon intercalation with LDSMO.

In order to obtain better clarity for the observed changes
in electrical properties of the composites we have tried to
analyze the normal state resistivity considering different pos-
sible mechanisms for the origin of resistivity. An analysis
using the variable range hopping (VRH) mechanism seems
to explain the observed temperature dependence of resistivity
reasonably well. The continuous lines in Fig. 5 represent the
fit using the VRH formula, R~a X \T exp(b/T%%) for the
composites. As can be seen from the figure, the data below
~120 K can be fitted quite well with the above equation.
This implies that the electrons are getting localized in the
composites, and the conduction at low temperatures is essen-
tially due to hopping of the electrons from one localized site
to another. On the other hand, the resistivity data above
~180 K of all the composites can be fitted to the formula
R~a' Xexp(b'/T) that represents thermally activated con-
duction. The dotted lines in Fig. 5 represent the fitted curves
using the above equation. The analysis shows that a simple
variable range hopping mechanism is adequate to describe
the temperature dependence of the composites with x
=0.03 at low temperatures. One of the possible reasons for
such a change in the resistivity behavior can be that the in-
tercalation of LDSMO 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. More
detailed microscopic measurements are required to verify
this scenario.

Magnetization measurements were carried out at 10 K for
all the samples as a function of applied field, the results of
which are shown in Fig. 6. There is a monotonic increase in
the saturation magnetization (M) with increase in x, and the
value of M, roughly scales with x, the LDSMO content in the
composites, which is shown in the inset of Fig. 6; but the M
of the composites does not scale with the bulk LDSMO mag-
netization value (last point corresponding to x=1 in the inset
of Fig. 6) and are found to be slightly lower. We believe that
the M, of LDSMO in the composites becomes smaller com-
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FIG. 6. Magnetization curves as a function of the applied field,
measured at 10 K for the undoped LSCO and the composites. The
saturation magnetization as a function of x is shown in the inset.

pared to the bulk value due to its smaller particle size in the
composites as is evident from the SEM pictures. This kind of
a decrease in the saturation magnetization with decrease in
particle size has already been reported? in literature and has
been attributed to the surface effects like vacancies, stress,
etc. The increase in the saturation magnetization of the com-
posites with x does not seem to affect the 7,. of LSCO. How-
ever, the results of ac susceptibility and magnetization mea-
surements as functions of temperatures are consistent with
the resistivity data. Figure 7 represents the variation in dc
magnetization (under zero field cooled and field cooled con-
ditions) as a function of temperature, measured under an ex-
ternal dc field of 50 Oe, for the undoped LSCO as well as the
composites. Temperature is plotted on a logarithmic scale so
that the superconducting transition corresponding to LSCO
and the magnetic transition of LDSMO can be clearly seen.
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FIG. 7. Zero field cooled (closed symbols) and field cooled
(open symbols) magnetization curves of the undoped LSCO and the
composites with respect to temperature. Superconducting volume
fraction decreases drastically on intercalation with LDSMO
whereas 7. is almost unaffected.

FIG. 8. Normalized diamagnetic signal (S,), the actual volume
fraction of LSCO in the composites, and the c/a ratio as a function
of x. The variation of S; as a function of ¢/a is shown in the inset.
An almost linear dependence of S; on c¢/a is observed for x
=0.015.

It can be seen from the figure that there is a drastic reduction
in the superconducting volume fraction whereas the T, is
almost unaffected upon intercalation with LDSMO consis-
tent with the resistivity data.

The normalized diamagnetic signal, which represents the
superconducting volume fraction (with the value of LSCO to
be normalized to 1), and the actual volume fraction of LSCO
in the composites along with the variation in c/a ratio ob-
tained from XRD analysis is shown in Fig. 8. The variation
in superconducting volume fraction does not follow the ac-
tual volume of LSCO used in the composites. The decrease
in superconducting volume fraction is drastic for small quan-
tities of LDSMO intercalation. There is only a marginal de-
crease in the superconducting volume fraction when x is in-
creased beyond 0.06; but there seems to be a correlation
between the variation in superconducting volume fraction
and the variation in the c/a ratio with respect to x. Both the
c/a ratio and the superconducting volume fraction decrease
drastically for small quantities of LDSMO whereas there is a
tendency for saturation for larger LDSMO intercalation. If
we take c¢/[(a/2+b/2)/2] for x=0.12 and 0.15 (which show
a doubling of the cell parameters, a and b), they will also fall
in line with the figure of ¢/a vs x. These points are shown by
filled stars in the figure. The variation of the normalized
diamagnetic signal as a function of ¢/a is shown in the inset
of Fig. 8 which shows an almost linear dependence for x
=0.015. These results, in comparison with the monotonic
increase in saturation magnetization with x (inset of Fig. 6),
implies that the short range ordering in LDSMO does not
influence the superconductivity significantly, at least for the
higher values of x. One of the reasons for the insignificant
effect of the short range order of LDSMO may be the larger
grain size of LSCO in comparison to the spin diffusion
lengths. The characteristic spin diffusion length and ferro-
magnetic coherence length in the case of ferromagnet/
superconductor heterostructures are in the nanometer range®®
and it will be much smaller in the case of LDSMO due to its

214504-5



HSU et al.
T T T T T T T T T T
x=0.15
0.0002 M — (LSCO),  (LDSMO), 1
¥ ox=006%, H=50 Oc
;?° g, - s SV
N DG e gy ot B T ST
0.0000 | , T, : LR A
I ke 2 1 x=0.15
. . o
”5*21!55553, -+~ 100Hz
; * - 1KHz
I -#- 10KHz
- T T x=006 |
o B, " o - o 100Hz
-0.0004 - i 2 w2 1KHz
B L TRanno |
THRateg - - 10KHz
L& )
o . . 3
30 40 50 60 70 80 90
-0.0006 P el T S A S S PR
0 50 100 150 200 250 300

FIG. 9. Frequency dependent ac susceptibility as a function of
temperature for the composites with x=0.06 and 0.15 is plotted. The
region near the magnetic transition is expanded and is shown in the
inset.

spin glass type order. The grain size of LSCO is much higher
(of the order of a few microns) compared to this length scale.

The magnetic transition of LDSMO is also clearly seen in
all the composites. An unusual increase in susceptibility is
observed when the temperature is decreased below 7. Such
an increase in ac susceptibility, below T}, is not present in
undoped LDSMO.

In order to study the magnetic transitions more clearly,
frequency dependent ac susceptibility measurements were
done on all the composites. The measurements were carried
out under an external dc field of 50 Oe. The results obtained
for two representative composites with x=0.06 and 0.15 are
shown in Fig. 9. A shoulder corresponding to the magnetic
transition of LDSMO is observed at Ty~ 75 K. The observed
increase in T, with increase in frequency clearly demon-
strates the occurrence of spin glass transition in LDSMO.

The resistivity and magnetization measurements carried
out on the composites suggest a transition of the metallic
superconducting phase of LSCO to an insulating nonsuper-
conducting phase with the appearence of a weak magnetic
phase, leading to an anomalous quenching of superconduc-
tivity for small concentrations of LDSMO. As mentioned in
the Introduction the LSCO with the optimum Sr doping un-
dergoes a spin glass transition!3 at very low temperatures (
~45 mK). In addition, there are reports on the coexistence
and competition between superconductivity and charge-
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stripe order in La; g5 ,Nd,Sry,;5CuO, for x=0.15 and 0.20
from the neutron diffraction and zero field magnetization
measurements by Tranquada et al.>’-*° They have proposed a
static stripe correlation model in the low temperature tetrag-
onal phase based on the superlattice peaks observed in neu-
tron scattering experiments. The holes segregate to form a
superlattice and the Cu spins in the hole-poor regions order
antiferromagnetically below around 30 K. Our experimental
results suggests that the intercalation of LDSMO gives rise
to a distortion in the structure of LSCO, a metallic-to-
insulating transition in resistivity and a partial quenching of
superconductivity with the appearance of a weak magnetic
transition. Based on our analysis, the origin of partial
quenching of superconductivity in LSCO may be the distor-
tion induced hole-segregation. The short range magnetic or-
der of LDSMO is retained in the whole series of composites,
with the saturation magnetization being proportional to the
LDSMO content, which coexists with the superconductivity
of LSCO.

IV. CONCLUSIONS

We have successfully synthesized the composites of
(La1.855r0.15CuO4) 1_x(La0'3Dy0'4Sr0_3MnO3)x for x=0.15.
The saturation magnetization increases monotonically with
increase in x, indicating the gradual increase of the magnetic
phase. The spin glass transition of LDSMO is clearly ob-
served in the composites. Intercalation of small quantities of
LDSMO in LSCO does not change the onset of supercon-
ducting transition temperature considerably; but, the super-
conducting volume fraction decreases drastically with in-
crease in x. The metallic superconducting phase of LSCO
changes to an insulating nonsuperconducting phase on inter-
calation with LDSMO. It is proposed that the intercalation
induced structural distortion which leads to a hole segrega-
tion may be the cause for the observed metallic-to-insulating
transition and the partial quenching of superconductivity.
However, detailed microstructure analysis is required to con-
firm this point of view. The most unexpected results are the
change from metallic to insulating-like behavior already at
x=0.015 at low temperature and the quenching of LSCO
superconductivity. Further work is needed to clarify this sur-
prising result.
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