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Abstract. Colossal magnetoresistance (CMR) compositesformaninterestingfield
of study. Theintrinsic CMR, governed by the intragrain transport of the conduction
electrons through the double exchange, limitsits application owing to the high field
requirement and generally low transition temperatures. Extrinac CMR, afunction of
theintergrain transport between ferromagnetic (FM) particles, playsacrucial rolein
enhancing low field magnetoresistance (LFMR) or increasing room temperature
magnetoresistance. Since extrinsic CMR isagrain boundary controlled phenomena,
magnetically dirty grain boundariesin the virgin state of the sample help in achieving
ahigh LFMR or increase the field sensitivity. In thisarticle, we give the properties of
different composites of magnetoresistive LCMO or LSMO where the second
component is (a) an insulating phase, (b) aconducting phase, () anonmagnetic phase
and (d) a magnetic phase. We present here some of our recent work on CMR
composites where the CMR phase is chosen asLCMO and Si O, ZnO, ZrO,and SCN
have been used as the different second phase of the composites. We summarise some
of the salient features of the results.
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1. Introduction

Perovskite manganites have been the subject of intense research for the last few years
because of their inherent potential to exhibit many interesting properties including colos-
sal magnetoresistance (CMR).! The work of Jin et al? triggered many researchers into
working in this fascinating field. The intrinsic CMR effect, caused by the ‘double
exchange’ mechanism proposed by Zener® in 1951, is useful in explaining mostly
intrinsic CMR. Extrinsic CMR is reported to be due to grain boundaries,* artificial grain
boundaries,>® atomic-size defects in the film-substrate interface”® or nanosized inclusions
that appear during the film deposition or postannealing.® These are generally ascribed to
the spin-polarised intergrain tunnelling of conduction electrons as proposed by Hwang et
al'®. The tunnelling process takes place across the interfaces or grains separated by an
energy barrier related to the magnetic disorder. Hence dilution with an insulating material
in the manganites adjusts the barrier layer and thus influences the tunnelling process.
Since these extraneous effects act as pinning centres in remagnetisation by domain wall
displacement, a small field will aligns the neighbouring FM grains and hence an
enhanced MR response is achieved at low fields and low temperatures. Therefore, a spin
misorientation at the magnetically virgin state of the system is crucial to obtain an
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enhanced MR. This extrinsic effect is observed in a wide temperature range, at low field
B £ 1 kOe and makes it more useful from the application point of view.

Although spin-polarised tunnelling through the grain boundary leads to high MR at
low fields corresponding to a composition called the percolation threshold for the com-
posite system, its magnitude falls rapidly with temperature. Several workers have
attempted to enhance the low temperature low-field MR (LFMR) or the room-tempera-
ture MR by making a composite of these CMR oxides like Lags7Cays3MnO3 (LCMO) or
Lags7Sr0e3MnOz (LSMO) with a secondary phase like an insulating oxide, a hard
ferromagnetic material or a polymer material etc. But in each case, the basic objective is
to increase the height of the tunnel barrier between the neighbouring FM grains. The area
of composite of CMR materials is still very young and hence it is important that before
we discuss some of our own work, we give a summary of what has been done in this field
inlast 3-4 years.

2. General behaviour of CMR composites

The earliest work reported in the area of CMR composites was by Li Balcells et al*! and
Petrov et al? in 1999. Li. Balcells et al** have studied the magnetoresistance of XL SMO/
(1-x)CeO, composite (x=100, 80, 60, 40, 30, 25 20vol.%) as a function of
metal/insulator composition, temperature and magnetic field and have found a dramatic
enhancement of LFMR for samples close to the metallic percolation threshold. The
improved field sensitivity is fairly large even at room temperature. They observed two
peaks in the resistivity curve and a resistivity rise by 6—7 orders of magnitude at the
percolation threshold, x,=20% and a LFMR of about 1% at H=1000Ce at 300K. A
broad peak in the resistivity curve at around 250 K has been attributed to the bad
interparticle contacts. But the LFMR response, due to intergrain coupling, at X=X is
very poor. The high field response has been attributed mainly to the magnetic and
electrical characteristics of the grains themselves. Petrov et al*? have studied the electrical
and magnetic transport properties of XLCMO/(1—x) STiOz (x =10-100vol.%) compo-
sites. A high field MR as well as LFMR close to percolation threshold, x; =60% is
attributed due to increased disorder in the grain boundary and is almost over an order of
magnitude higher than the corresponding pure LCMO value. The resistivity goes up by 6
orders of magnitude above x.. MR also increases with x and becomes maximum at X = X
and then goes down. Magnetisation curve with temperature shows an upturn below 50 K
and does not saturate up to 50 kOe, which has been ascribed to the highly disordered
nonmagnetic interfacial region. Composites with other insulating materials like yttria-
stabilised zirconia (YSZ),*? slica (S0,),** aumina (Al,03)*'® are also reported.
(LSMO),_/(YSZ)x composites with varying x (0% to 5%) have been investigated by Xia
and his co-workers.®® Broadening of T and shifting of Ty, to lower temperatures are
observed. But Ty, interestingly decreases up to X £ 2% and then it increases. Room
temperature MR of the composites is higher compared to pure LSMO at 3T field. They
did not find any percolation threshold in the system. The transport and magnetic
properties have been explained on the basis of the reaction products between LSMO and
YSZ. They have proposed a two-channel conduction model for the composites. Low
temperature MR rise is due to spin-polarised tunnelling through the LSMO grains but
LaZr,0;, SrZrO; aong with Y SZ (reaction products between the components) impairs
the transport properties for low x by segregating as thin channel of insulating layer in the
grain boundaries of the LSMO phase. (LSMO),_/(SO;)x for x=0%-1%mol.% com-
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posites show resistivity rise with increasing x and shifting of Ty, towards lower
temperatures as observed by Huang et al.* In this case the MR behaviour of the
composite is superior at T> 150K but inferior for T<150K. MR a 300K is 21x4% for
x=020 but 17%% for x=0%0 a 50kOe field. Spin-polarised tunnelling through the
LSMO grains in the presence of the insulating SiO in the grain boundary is ascribed for
the observed effect. Another insulating inert material Al,Os, used for the junction MR
devices, has been used by Hueso et al®® to form the composite (LCMO);_(Al,Os)y
(x=00-25vo0l.%). They have seen a threshold percolation at x =10vol.%. Resistivity
rises by 3 orders of magnitude with increasing x at 100K and shift of the transition
temperature towards lower temperature is seen as usual like other CMR composites. But
no metal—insulator transition is observed for x 3 8%. Theresistivity behaviour throughout
the whole temperature range is fitted based on a two-channel conduction model. They
have observed the MR maximum at the conduction threshold (x =10%) a 77 K and at
765 kOe. (LSMO);_/(MgO)yx (x=0%-0%) composites exhibit a pronounced LFMR
compared to pure LSMO which is <1% at B £ 1kOe at low temperatures. For x = 0%5,
MR is 25% at T=42K and at 50 kOe field. Even a small amount of MgO (x £ 0%5)
changes the intrinsic metallic bulk electron transport into a grain boundary controlled
extrinsic behaviour.)” HFMR is also increased up to 50-60% in the range 42—200K at
50kOe. In case of (LSMO)/(SrMeOs),_ composite’®® (Me=Ti, Zr, x = 20-70 mol.%)
the MR enhancement point (x=mol.% LSMO) is dependent on the annealing
temperature. For LSMO/SITiO;z it is 1%6% at H=1000e and at T=298K and that for
LSMO/SZrOs it is 2%% at the same field and temperature. Also the variation of MR
with x shows the same trend as that of coercive field with x. Yan et al? have investigated
the LFMR of the LSMO/CoFe,O, composite for a single composition of 20 wt%
CoFe,04. Theresistivity of the composite is about an order of magnitude larger than that
of the same grain-sized pure LSMO. A large LFMR has been obtained in this composite
compared to pure LSMO. At 5kOe, the MR of 20 wt% composite is 10% a 280K and
5% at 290 K whereas these values for pure LSMO are 2 and 1% respectively. The high
resistivity of the composite is attributed to the random scattering of the spin electrons at
the surfaces of the magnetic CoFe,O, grains. Since the spin-dependent scattering of the
conduction electrons at the grain boundaries is highly field sensitive, the magnetic
scattering of the polarised charge carriers may be responsible for the LFMR. Another
interesting system with a hard ferromagnetic insulator (HFMI) asthe second phase of the
composite is reported by Huang et al®* They have studied (Log7SrossMnNOs)i_/
(BaFe;18(ZnSn)ozO19)x (BAM) composites as a function of vol.% (0%0-10) of the
insulating phase. A resistivity rise with increasing x, indicates a percolative system. But
in contrast to the other FMM/HFMI composite discussed earlier they have reduced
LFMR whereas HFMR slopes in the r vs H curve are greater. Based on this observation,
they suggest that magnetic coupling is not solely responsible for increase in MR at low
field, but microstructure also plays an important role to have the desired effect. Gupta et
al?? have reported the magnetotransport studies of L SM O—borosilicate glass composites.
They have reported an enhanced LFMR of about 1:8% at 200 Oe at room temperature for
25 wt% of glass, the percolation threshold composition for the system. They have further
argued that the glass layer, as an amorphous insulator, seats within the grain boundaries
of the LSMO and acts as a barrier for spin-polarised tunnelling thereby enhancing the
LFMR. They have aso found the sudden resistivity jumps around the percolation
threshold. The broad peak in the resistivity curve is understood on the basis of a parallel
resistor model where the sample is considered to be made of a paralel network of
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conducting and insulating paths. The sharp drop of resistivity in MR vs H curve is
attributed to the much-discussed spin-polarised tunnelling through the FM grain
boundaries whereas the gradual drop thereafter is assigned to the magnetically hard
region at the disordered interface.

(LCMO),_ (polyparaphenylene, PPP), (x=wt. fraction, 0%-0%) composites” have
been studied by Huang and his group. MR enhances significantly at lower temperatures
for the composite, which is 3 times larger than pure LCMO. But this MR enhancement
point (X) is not the same as that of the percolation threshold derived from r vs x curve.
Twi for the composites shifts to the lower temperature by 56 K for x = 04 from 172K for
pure LCMO which is much less than the corresponding magnetic transition temperature,
Tc and has been attributed to the grain boundary dominated transport. Resistivity
increases almost by 5 orders of magnitude at the percolation threshold composition. PPP
being not able to form a thin enough layer between the LCMO grains (seen from the
micrograph) could not act as a tunnelling barrier and hence could not change the
tunnelling conduction through them. But it possibly induces a spin disorder at the LCMO
surface and certainly changes the magnetic ordering at the grain boundary. Similar
studies have been carried out by Yan et al?* for the (LSMO);_(PPP), composites (wt.
fraction of PPP, x =0%, 02, 06, 1%). They have found a remarkable LFMR especially at
low temperature and at H < 5kOe.

The magnetoresistance of (Lay7CaysMNO3)os/(LaosSrosMNOs)es composite?® has been
investigated as a function of sintering temperature. Raising the sintering temperature
triggers the interfacial reaction between LCMO and LSMO which dictates the MR pro-
perty over a wide temperature range across the room temperature. The resistivity of the
composite goes on decreasing with sintering temperature. This has been attributed to the
presence of the new reaction product, LagzCayqsSroasMnOs, which is a low resistivity
component compared to pure LCMO, keeping in mind the paralléel circuit model for the
composites. MR width of about 60 K around Ty, rises to about 120K for the sample
sintered at 1300°C. The coexistence of multiphase in the interface associated with the
chemical and magnetic inhomogeneity is the probable cause of the broad MR response
across the room temperature as suggested by the authors. Another such composite studied
is (LSMO)1_,/(SMowSr0sMNOs), (SSMO)?® with x = 0%0-1%. Since the transition tempera-
ture for SSMO is 63 K, it behaves as a paramagnetic insulator at high temperature and the
combination effectively acts as a FM-insulator composite. The resistivity increases by
two orders of magnitude with increasing SSMO content, shifting Ty, towards lower
temperatures for the composites. Maximum MR of 28%8% is obtained at 293 K for x = 0%6
(percolation Threshold) which rises to 46¥4% a 200K for x=0% and at 50kOe.
Observed LFMR is attributed due to spin-polarised tunnelling through the LSMO grains
but the HTMR enhancement is because of enhanced magnetic disorder due to the
presence of PM SSMO in LSMO grain boundaries which leads to the blocking of spin-
coupling between the neighbouring LSMO grains and hence improved HTMR. Compo-
sites such as (LSMO);_/(ProsSrosMnO3)x (PSMO) with x = 0%-1% have been studied by
Liu et al?” and Yuan et al.?® Resistivity increases and Ty shifts to lower temperatures
with increasing x and has been explained in terms of spin-coupling layer inside LSMO
grains.

A ferromagnetic/metal type composite (LCMO/AQ) has been investigated by Huang et
al?® and a large enhancement in MR near room temperature and a dramatic decrease in
resistivity for the composite has been reported. They have observed a shifting of Ty,
towards Tc in Ag-melted LCMO and suggested magnetic inhomogeneity near the LCMO
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grain boundaries which are responsible for enhanced MR near room temperature.
(LCMO);Agx (x=040) composite, where x is the nominal wt. fraction, shows two
unreacted phases. M vs T shows no change in Tc which rules out the possibility of any Ag
incorporation into the LCMO lattice. Ty, shifts to higher temperatures and resistivity of
the system falls with calcination temperature. A second broad peak at around 140 K for
the sample calcined at 600°C in r vs T curve is ascribed to the extrinsic behaviour of the
system which might be related to the insufficient crystallisation of the Ag in the system
as suggested by the authors. Although the low temperature MR of the composites is
lower than that of pure LCMO, HTMR are significantly higher around the room
temperature. MR ratio at 300K is 15% for pure LCMO (x =0%), 18 and 23% for the
samples with x =040 calcined at 700 and 1000°C respectively. The authors argue that
Ag imparts the magnetic inhomogeneity in LCMO grain boundaries and in melted
condition (at Tag=1000°C) it provides a conduction channel, improving the grain
connectivity and hence influence the transport property. Therefore a cooperative effect of
magnetic inhomogeneity and transport connectivity at the LCMO grain boundaries
improve the room temperature MR of the composites. The magnetic, transport and
structural properties of another FM-metallic bulk polycrystalline composites of Lagsgss
Nag167MNnO3z and Ag,O with molar proportion 1 :x(00-0%) has been investigated by
Tang et al.*® Observations are much more like that of LCMO/Ag composites. This is
because of high temperature sintering of the composites. Ag,O gets reduced to metallic
Ag and gets populated at the grain boundaries of the perovskite manganites. Room
temperature MR of the composites improves. It is 27% a 116kOe for x=0%5.
Although there is no signature of percolation threshold composition of the compositeinr
vs T curve, MR shows a maxima at x = 025. Instead of rise in resistivity with addition of
a second phase in the composites, Ag,O decreases the resistivity of the system by
improving the connectivity between the FM grains. MR vs H behaviour shows linear
increment of MR with H without saturation even up to 11 kOe. Spin-dependent scatter-
ing at the grain boundaries of the FM component is basically responsible for the observed
effect.

A tuning between positive and negative MR is observed in (LSMO);_y(Layg50x5
CuOy)y (LSCO) (x =wt. fraction, 0%-0%9) composites,* a composite between a CMR and
a superconducting component. Above the superconducting transition of LSCO all
samples show negative MR up to room temperature for x <0%6. But as the applied field
increases a positive MR comes into picture for samples with x > 0% because of the mag-
netic breakdown of the superconducting coupling within LSCO grains. This magnetic
field and composition sensitive competition between the positive and negative MR
reveals the coexistence of a ferromagnetic and superconductive ordering in the system
that favours the materials to be used as a magnetic field sensitive device like vortex
detector. But it limits its applicability only in the low temperature because for the super-
conductive ordering the material must have to be subjected below the superconducting
transition temperature (Tsc) of LSCO. The summery of the magnetic and electrical
transport properties of the reported CMR composites near their threshold compositions
and which are discussed above is given in table 1. The variation of the percolation
threshold composition, xc in terms of mol.% of LSMO and LCMO with different second
phases has been shown in figures 1 and 2 respectively. Though it is difficult to derive any
clear inferences from this table and the two figures, but it may serve as a good guide for
the researchersin thisarea.
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Tablel. The magnetic and electrical transport parameters of the reported CMR
composites near the threshold compositions.

LS = LaggSrosMnOs; LC = LagyCagsM NO3; LN = LapeasNagis7M NO3; SS=91p:S0e
MnOg; IN =insulating; NM = non-magnetic; CN = conducting; MG = magnetic

Composite Natureof  Xc (mol.%) rw (Wem)/ MR (%) at Xc
system 2nd phase LSLC Tc(K)  Tw (K) R (W) (kOe, K) Ref.
LYSITIO;  IN,NM 20 (1) - - - 15 (04,298) 17
LS/SrZrO;  IN,NM 30(1) - - - 26 (04,298) 17
LC/SITiO;  IN,NM 609 (2) 310 100 165*10°  6°(0%6,75) 15
LSYMgO IN, NM 95(1) 310 175(broad) 10,000W  25(50,4.2) 16
LS/CeO, IN,NM 1463 (2) - . - 16(0.1,300) 10
LS/SIO, IN, NM 80 (1) - 225 6%6W 21.4(50,300) 12
LIYSZ IN, NM 98 (2) - 338 - 20(30,300) 11
LC/AIL,O;  IN,NM 866(12) 265 Notfound  >1009 43 (76,77) 13,14
LS/SS CN,MG 40 (1) - ~125 <1009 28%*(50,293) 25
LN/Ag;O  CN,NM 80 (1) - - - 27 (11%6,300) 29
LS/PPP IN, NM 80* (1) - Not found  ~10°@  14(50,300) 23
LC/PPP IN, NM 60* (2) 272 Notfound ~10%°@  10%(50,260) 22
LSGlass IN,NM  75* (1,2) - - - 18 (02,298 21

(1) xc determined from MR measurement; (2) xc determined from resistivity measurement; (1, 2)
Xc determined from both resistivity and MR measurement; *Wt.% L S/LC; "MRistakenas(r o—
r w)/r u; @estimated from the figures in the respective references
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Figurel. Variation of percolationthreshold compositionintermsof LSMO mol.%
(y axis) with different second phases (x axis) for the LSMO composites.

3. Present investigations

We have investigated some CMR composite systems involving Lags7CayssMnOs as the
ferromagnetic phase and SiO, (insulating refractory oxide), ZnO (a well-known semi-
conducting material), SICN (a conducting polymer-derived ceramic, PDC) and ZrO, (an
ionic conductor) as the second phase of the composites. Si being strongly preferred for
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tetrahedral coordination cannot enter the perovskite lattice. So at best what it can do is
either react with LCMO to form another phase or precipitate as SiO, or some derivative
of thisin the grain boundary region. SICN is conducting, so differsin transport properties
from SO,. ZnO itself being a semiconducting material should influence the transport
properties of conducting LCMO in a different way than the insulating materials like SIO,
or ZrO,. Zn aso prefers tetrahedral coordination although octahedral coordinated Znis
aso reported in the CMR literature where it substitutes Mn in the LCMO/LSMO lattice.
ZrO, is a well-known ionic conductor. In the polycrystalline bulk synthetic route it is
difficult for Zr** to go into the manganite perovskite lattice (B sites) because of large size
mismatch.32 Moreover Zr™ does not prefer octahedral coordination.

Most composite samples, except with SICN, are prepared by a citrate gel route.®® For
LCMO: xS0, (x=00-080mol.%) composites tetragthoxyorthosilicate (TEOS) has
been used as the source of SiO,, which is also a good gelating agent. For LCMO: xZnO
composites (x = 0%-080 mol.%), commercialy available ZnO powders have been used
as the second phase of the composites. For LCMO: xZrO, composites®® (x = 0%~
080 mol.%) zirconium oxychloride, ZrOCl,.8H,O has been chosen as the starting
materia for ZrO, in the composites. But in case of LCMO: xSICN composites (x = 0%-
0d0vol.%), SICN, a polymer-derived ceramics (PDC) has been derived from its
commercialy available liquid polymer precursor ceraset. Heat treatment of ceraset at
400°C for 5h in flowing-N, gas atmosphere leads to the cross linking of the polymer.
The subsequent pyrolysis of cross-linked polymer, after ball milling in an attrition mill, at
1500°C for 10h. in flowing-N, gas atmosphere results in the pyrolysed powder of SICN
which is basically a mixture of a-Si3Ns, aSIC and b SIC. Mechanica mixture of
pyrolysed SiCN and citrate gel derived LCMO, followed by subsequent pelletization in a
uniaxia hydraulic press and sintering at 1100°C for 2 h in a muffle furnace in static air
leads to sintered pellets ready for characterisation. Except for the LCMO: SICN
composites, all the composites are synthesised in such a way that the second phase
(TEQS, ZnO or ZrOCl,.8H,0) is directly dissolved in the aqueous solution to form the
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Figure2. Variation of percolation threshold composition in terms of LCMO mol.%
(y axis) with different second phases (x axis) for the LCMO composites.
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gel to ensure a homogeneous distribution of the second phase in the matrix. On
subsequent drying of the gel at 200°C for 24 h leads to precursor powders for the
composites. Precursor powders on calcinations at 800°C for 2 h in static air, followed by
pelletization and heat treatment at different temperatures in static air gives the fina
sintered pellets for characterisation.

3.1 Propertiesof LCMO: xS O, composites

LCMO: xSIO, composites show Ca;Lag(S0,4)s0,, an insulating silicate phase along with
LCMO phase in the composites and whose amount increases with increasing x. For
x =080, some gMn,0; reflections are also seen, aong with the other two phases men-
tioned above. Magnetisation versus temperature measurements at 5 kOe from 5-300 K
reveals no shift in T¢ indicating that Si** does not enter the perovskite lattice, as shownin
figure 3. The saturation magnetisation at 5K gradually decreases with x (seen in figure
3b) as expected because of the magnetic dilution of the system in presence of
nonmagnetic silicate phase mentioned earlier. A small hump appears just below 50K in
the M vs T curve and which gets prominent as x increases from 0%5 to 0:80. Such
behaviour is also seen earlier with other systems.*®**=" Ju and Sohn®® have explained it
on the basis of local microscopic magnetic inhomogeneities arising from the variation in
the Mn oxidation state. Gebhardt et al®® in their work on Ce-doped LSMO systems,
explained this kink on the basis of the presence of paramagnetic MnO, phase in the
compound. In our samples although we did not find any MnO, some g-Mn,0; is seen for
higher values of x whose paramagnetic to spin glass transition at around 50 K could be
responsible for the observed effect.® Resistivity behaviour of the composites with
temperature is shown in figure 4a, while figure 4b shows the variation of room
temperature resistivity with compositions. All the curves show two peaks. One sharp
peak close to their ferromagnetic transition temperature, T, corresponds to their
respective metal insulator transition (Ty,) (indicated by an arrow), which does not change
with composition, x. But the broad peak appears below the metal—insulator transition and
gets prominent as x increases. This kind of behaviour can be explained based on the
scattering mechanism at different temperature region which has been discussed in detail
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Figure3. (a) Magnetisation behaviour of the SiO,composteswithtemperature. (b)
Shows the saturation magnetisation variation with compositions at 5 K andat 5kOe
field.
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Figure 4. (a) Variation of zero field resistivity with temperature for SiO, com-
posites. The plotisinlog scale. Right Y axisisfor x = 0220, 0525 and 0x0. (b) Room
temperature resistivity behaviour with composition.

in our earlier work.® The sharp transition which is composition (x) independent is the
result of spin-spin scattering. Since the spins of the magnetic ions (Mn*3 and Mn*™) get
properly aligned at the transition temperature, the resistivity sharply drops leaving behind
the signature of the sharp peak. Beyond the transition, the resistivity is primarily
governed by the phonon scattering and the temperature independent part in the lower
temperature region is the result of impurity scattering. As x increases, the impurity phases
(silicate and Mn,0Oz3) increase in volume as has been shown in figures 5 and 6 and control
the overall transport properties of the system. Thisisthe reason why the sharp peak in the
resistivity curve disappears slowly and the temperature independent broad peak becomes
prominent as x increases. Room-temperature resistivity increases slowly with composi-
tion for lower x (x £ 040) but for x3 043 it suddenly shoots up and reaches almost six
orders of magnitude higher for x =080, compared to x=0% signalling a percolation
threshold composition at x = 040 for the composite system. Since the overall resistivity
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of this kind of system is considered to be a parallel combination of low resistivity
metallic (FM LCMO grains) and a high resistivity insulating silicate phase, we ascribe
the broad peak to the intergrain transport between the LCMO grains. With application of
the magnetic field (8 kOe) the sharp peak disappears but the broad peak still remains. The
plot of MR vs T (not shown here) has two components, a maxima near Tc and a low
temperature rise irrespective of the compositions, x. The maxima near T is certainly due
to the intrinsic MR inside the LCMO grains and the low temperature rise is because of
the magnetic field-induced suppression of the spin-dependent scattering of the conduction
electrons. This is similar to the spin-polarised tunnelling of the conduction electrons
across the LCMO grain boundaries as proposed by Hwang et al .1°

32 Properties of LCMO: xZnO composites

XRD patterns of the composites show no lines of ZnO even up to x =040 but beyond
that ZnO reflections are also seen along with the LCMO lines suggesting that as x
increases from x 3 040, ZnO separates out from the system and segregates as a separate
phase in the system. Magnetisation data support the X-ray observations. Magnetisation
behaviour (at 5kOe) of the samples with temperatures shows a shift of T¢ from 264 K
(for x=00) to 240K (for x=0%5) and then to 227 K (for x = 0:40). This indicates the
incorporation of Zn into the perovskite lattice.®® Considering the size factor, Zn*?
substitutes Mn** in the LCMO lattice and hence shifts the transition temperatures. But for

Figure5. Scanning electron micrograph of LCMO: xSiO, (x = 0243) composite
sintered at 1200°C for 2 h. The bright particles are of LCMO and the dark region is
the insulating phase.
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Figure 6. Scanning electron micrograph of LCMO: xSiO, (x = 0:20) composite
sintered at 1200°C for 2 h. The increase in the amount of insulating phase and the
poor interparticle contact with increasing x isclearly evident from the microstructure.

x3 043, Tc does not change and remains around 225 K indicating that it segregates as a
separate phase in the system. Saturation magnetisation at 5 K gradualy falls with x and
amost equals to the corresponding fraction of magnetic LCMO in the composite
indicating no extra magnetic interaction between the LCMO and the nonmagnetic ZnO
present in the system as the second phase of the composites. The zero-field resistivity of
the samples increases with x up to x =043 and thereafter it decreases as x increases
further. All the composites show metal—insulator transition close to their ferromagnetic
transition temperature and it shifts from 262 K for x =0% to 216 K for x =040 and then
it remains constant at around 217 K for the other composites supporting the X-ray and
VSM data. Room temperature or the peak resistivity at Ty, does not increase that much as
is observed in case of SiO, composites. Although two orders of magnitude increase in
resistivity for x =043 is noticed compared to pure LCMO, no percolation is observed in
this case. If Zn substitutes Mn in the perovskite lattice, being a bivalent ion it cannot
participate in the double exchange (DE) mechanism involving Mn*® and Mn** ions
through Mn**-O-Mn** network, so in effect it dilutes the DE process and hence the
resistivity increases initially up to x=045. Also Zn*? at Mn site, being a bigger ion,
should compress some Mn**~O-Mn** bonds which in turn would lead to bond angle
distortion (< 180°) and deteriorate the transport properties as suggested by Ghosh et al.**
But since Zn*? can not acquire a higher valent state it induces a higher residence time of
the higher valent Mn ion viz Mn** in its close vicinity thereby causing a local charge
ordering. The local charge ordering in turn would straighten out some Mn**~O-Mn**
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bonds in its immediate neighbourhood and make the Mn**~O-Mn** angle close to 180°,
releasing strain in the system which would lead to improved conductivity of the system.
This effect becomes prominent for x3 080 and the same effect is reflected in the MR
data also. The MR with temperature shows a peak near their magnetic transition tempera-
ture caused by the intrinsic CMR effect. The low temperature rising part is due to spin-
dependent scattering at the grain boundaries of the LCM O phase and is the manifestation
of theextrinsic CMR effect in the system.

3.3 Properties of LCMO: xZrO, composites

The room-temperature X-ray diffraction patterns of LCMO: xZrO, (x =0%-080) com-
posites show the presence of CaZrO; and mZrO, along with LCMO lines for x £ 040
and for x3 020, the composite shows the presence of LayZr,O; and t-ZrO, along with
LCMO. But the cubic symmetry of LCMO is preserved in all the samples. Low field dc
susceptibility measurement (done by a Quantum Design MPM S 7 SQUID magnetometer)
shows (figure not shown) the shifting of the ferromagnetic transition temperature towards
the lower temperature for x = 0%5 and then it gradually increases as x increases further
for x3 040. The deviations from nomina cation stoichiometry in LCMO, due to the
reaction between LCMO and ZrO,, could be the probable reason for the observed effect.
The same effect is reflected in their transport properties also. The zero field resistivity
behaviour from 4-375K for the composites is shown in figure 7a and the same for the
pure compound is in figure 7b. The peak resistivity (at Ty,) initialy increases for x = 065
compared to pure LCMO (x=0%) and then it reduces gradually up to x =040. Again it
starts rising for x3 040 and shows a sudden jump by six orders of magnitude compared
to pure LCMO at x=080. The variation of room temperature resistivity (rgr) with the
composition (x) is shown in figure 7c, indicating a percolation threshold at around
x=040. Although the reaction products between LCMO and ZrO, are insulating in
nature, they impart a low resistance to the system which is very surprising. This kind of
behaviour is seen earlier'?*? by many authors and has been explained on the basis of the
distribution of the second phases in the LCMO matrix. ZrO, in the lower concentration
(X £ 005) segregates at the grain boundaries of the conducting LCMO and raises the
height of the tunnel barrier and subsequently impedes transport between the FM LCMO
grains. But at higher concentration, x3 040, it forms a cluster along with the other
reaction products in the LCMO matrix thereby improving the grain connectivity between
LCMO and hence the conductivity of the system. This effect is pronounced in the MR
behaviour of the system as shown in figure 8. The field-dependent resistivity of the
system is measured under an applied field of 50 kOe from 5-300 K. All the composites
show higher magnitude (~87%) of MR compared to pure LCMO (46%); MR is highest
(94%) for x=0%05 at the transition temperature. MR behaviour of the composite with
5mol.% of ZrO; is interesting. It peaks at T¢ and remains constant at around 94% up to
75K and goes down to around 85% below this. This near constancy below T¢ has also
been reported in CMR composite system LCMO: SrTiO3™® and could be useful from an
application point of view. The enhancement of MR and its constancy up to low
temperatures could be ascribed to magnetically disordered regions near the grain
boundaries of LCMO. Because of the secondary phases the separation between conduct-
ing LCMO grains may become comparable to spin memory length.?? If the effect is only
due to magnetically disorder regions near the grain boundary, spin-dependent scattering
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(which may be temperature-dependent) could be essentially responsible for high MR and
near temperature-independence below Tc. The behaviour of the composite with 40 mol.%
ZrO,, however, is little different than the other composites. It shows a comparatively

sharper peak in the MR curve around the transition temperature and the low temperature
MR is smaller than that of the pure compound. For this composite the LCMO grain

connectivity is much better compared to others, since the insulating phases segregate as a
separate cluster. Spin—spin scattering at the transition temperature is responsible for the
peaking nature and the different spin orientation in theinsulating cluster isthe reason for
the low temperature MR behaviour, since the low temperature transport is controlled by
the impurity scattering.
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34 Properties of LCMO: xXSICN composites

LCMO: xSCN (x=vol.% SiCN added) composites show almost similar behaviour to
that of LCMO: xSO, systems. XRD pattern of the composites show the presence of
insulating CasLag(Si04)60, phase along with the LCMO reflections and which gets
prominent as x increases. The shifting of the LCMO lines compared to the undoped
compositions suggests the chemical reaction between the two phases. Magnetisation
measurements (using a Quantum Design MPMS 7 SQUID) at an applied field of 5kOein
the temperature range 5-300K suggests that Si** enters the LCMO lattice, since no
shifting in the ferromagnetic transition temperature, Tc is observed with composition as
shown in figure 9. Saturation magnetisation at 5K falls with composition (x) as expected
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Figure9. (a) Magnetisation behaviour of SICN composites with temperature.
(b) Saturation magnetisation, Mg, variation with compositions at 5 K and at 5kOe
field.
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due to the magnetic dilution of the system in the presence of nonmagnetic silicate and is
plotted in the inset of figure 9. However, the electrical transport properties are little
different compared to LCMO: XSO, system. The resistivity of the system increases with
increasing x due to the presence of insulating silicate in the grain boundaries of
conducting LCMO but we do not find any percolation within the composition range
studied. All the compositions show a distinct metal insulator transition slightly below
their respective magnetic transition temperature. The MR behaviour (at 50 kOe) with
temperature (shown in figure 10) shows the same trend as that of LCMO: xSO, com-
posites. A maxima at Tc followed by a low temperature rising part attributed to the
magnetic field-induced suppression of the spin-dependent scattering of the spin-polarised
conduction electrons at the grain boundaries of LCMO phase. The magnetic field
dependence of MR has been plotted in figure 10b for the compositions x = 0%5 and 040.
The low field MR behaviour supports the grain boundary scattering of the conduction
electron. Mahendiran et al*® have observed the similar effect of low field MR behaviour
for their pure LCMO and have explained the low field region as arising from the motion
of the domain walls and the high field region from the gradual increase of the
spontaneous magnetisation on application of the magnetic field. All the composites show
higher magnitude of MR compared to pure LCMO (x=0%) close to their magnetic
transition temperature. Since the MR behaviour at the transition temperature is governed
by the spin—spin scattering, the observed effect is expected. Variation of the peak MR
with composition has been plotted figure 10b. However, low temperature MR of pure
LCMO is substantially higher than that of the composites. Since the low temperature
transport is governed by impurity scattering, different spin orientation in the insulating
cluster is responsible for the low MR of the composites compared to pure LCMO at the
low temperature region.

In figure 11 we have compared the magnitude of peak MR with compositions (x) for
al the systems studied by us. A maximais observed for all systems at near the threshold
composition. This could be used to further improve the LFMR properties of the
composites.

4. Conclusions

Increase in low field magnetoresistance (LFMR) over a wide range of temperature, or
increase in room temperature MR, has been possible through microstructural tuning in
different composites. Here the transport is mainly dominated by the temperature-
dependent intergrain spin-polarised tunnelling of the conduction electrons between the
FM grains across their grain boundaries particularly when the insulating layer is thin. But
in case of thick layer the transport is dominated by the temperature-independent impurity
scattering at the surface of the FM grains. This is more pronounced compared to the
intrinsic effect which basically comes from the intergrain magnetic and transport
properties caused by the double exchange between the neighbouring Mnionsin different
valence states. CMR composites, compared to the pure CMR oxide systems like A or B
site-doped Ln;_,CaMnOj3 (Ln=lanthanides), provide a means to take extrinsic CMR an
upper hand over the intrinsic one. Since the extrinsic CMR is largely dependent on the
grain boundary properties, a careful control of the microstructure of these composites
may push a substantial LFMR towards room temperature, making these bulk composites
suitable for potential device applications.
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