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Transport mechanism in polycrystalline La0.825Sr0.175Mn1ÀxCuxO3

Li Pi, Lei Zheng, and Yuheng Zhang
Structure Research Laboratory, University of Science and Technology of China, Academia Sinica, Hefei 230 026,

People’s Republic of China
~Received 10 August 1999!

The transport mechanism of polycrystalline samples La0.825Sr0.175Mn12xCuxO3 (0<x<0.20) and the effects
of Cu doping have been investigated. It can be concluded that the existence of Cu induces the superexchange
interaction and weakens the long range ferromagnetic order in the samples. The transport mechanism in the
metallic regime is attributed to the magnon-carrier scattering and the transport mechanism in the insulating
regime transits from polaron transport to variable-range hopping with the adding of Cu. The effect of the
surface phase is also observed in the samples.
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I. INTRODUCTION

Recently, doped manganese perovskites have attra
much renewed attention due to the discovery of colos
magnetoresistance ~CMR!.1–3 In the systems of
Ln12xAxMnO3 (Ln5La-Tb, andA5Ca, Sr, Ba, Pb, etc.!,
the existence of the dopant leads to mixed valency of the
ions (Mn31/Mn41). In proper content the mixed valency ca
result in strong ferromagnetic~FM! interactions which can
be explained by the double-exchange mechanism~DE!.4 In
addition to DE interactions the strong coupling of the vib
tional and electronic system in the Ln12xAxMnO3 lattice was
found to play an important role in the mechanism of t
CMR.5,6 In particular, the Jahn-Teller~JT! effect was be-
lieved to affect both the magnetic and transport propertie
the Ln12xAxMnO3 system.6,7 In order to get further under
standing of the mechanism. Mn site doping effect has b
studied.8–13 A. Barnabe´ et al.8 found that the substitution o
Mn by Cr suppresses the charge ordering and induces fe
magnetism. The research work by Gayathriet al.9 suggests
that Co substitution for Mn dilutes the DE mechanism a
changes the long range FM order of La0.7Ca0.3MnO3 to a
cluster glass-type FM order. However, this kind of resea
is quite inadequate. We consider that in the CuO plane
high-temperature superconductors, the hybridization betw

FIG. 1. The XRD patterns of La0.825Sr0.175Mn12xCuxO3.
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the 3d electrons of Cu and the 2p electrons of O leads to a
strong antiferromagnetic coupling. Because the radius
Cu21 ion is close to that of Mn31 ion, the Mn site can be
occupied by Cu. So if Cu is doped into manganese ox
useful information for understanding the transport mec
nism of CMR oxides could be obtained. In this paper, t
La0.825Sr0.175Mn12xCuxO3 (0<x<0.20) has been studied.
is found that the bivalent Cu21 cations induce the antiferro
magnetic superexchange interaction and destroy the do
exchange interaction in the samples. The transport me
nism transits from the polaron transport to variable-ran
hopping with the increase of Cu21 ions. The effect of the
surface phase has also been discussed.

II. EXPERIMENT

The samples were prepared by the usual solid-state r
tion method with specpure La2O3, SrCO3, MnO2, and CuO
as the starting materials. The mixture of these starting m
rials were heated in air at 1300 °C for 24 h. Then the pow
was ground, palletized, and sintered at 1350 °C for ano
24 h. Finally, the furnace was cooled down to room tempe
ture. To the as-obtained samples, we have carried out

FIG. 2. The susceptibility versus temperature curves
La0.825Sr0.175Mn12xCuxO3. The position marked witĥ represents
the TC

onset.
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FIG. 3. The changes of ESR signal with temperature.~a! x50; ~b! x50.06; ~c! x50.14. The peaks marked withD are paramagnetic
peaks.
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following measurements: the x-ray diffraction, ac magne
susceptibility~x!, electron spin resonance~ESR!, resistivity
~r!, and magnetoresistance~MR!.

The x-ray diffraction patterns~shown in Fig. 1! were ob-
tained from Japan RigakuD/max-ga rotating powder dif-
fractometer using CuKa radiation. The detective range
15° to 75°. It indicates that up tox50.20 the samples ar
single phase. On substitution of Mn by Cu, no structu
change has been observed.

ac susceptibility measurements have been carried ou
the temperature range 80–325 K, at a magnetic field am
tude of 0.5 Gs and a frequency of 108 Hz. The ESR sign
c

e
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li-
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were measured using a BRUKER ER-200D spectromete
9.46 GHz. The resistivity under zero and 5 T magnetic field
was measured by the standard four-probe method in the
perature range from 20 to 325 K.

III. RESULTS AND DISCUSSION

A. Magnetic properties

Figure 2 shows the ac susceptibility versus tempera
curves. In the doping level 0<x<0.16, all samples display a
paramagnetic~PM! to FM phase transition. The Curie tem
FIG. 4. The resistivity versus temperature curves of La0.825Sr0.175Mn12xCuxO3. ~a! 0<x<0.12; ~b! 0.14<x<0.20.
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FIG. 5. The fitting of resistivity curves of La0.825Sr0.175Mn12xCuxO3. The dotted lines represent the experimental data.~a! The r;T2.5

curves of low temperature zones.~b! The ln(r/T);1/T curves for the samples withx50, 0.04, and 0.16.@~c!,~d!# The ln(r/T);1/T curves as
well as lnr;T 21/4 curves for the samples withx50.18 andx50.20.
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peratureTC , which is defined as the peak temperature of
differential curves ofx;T, decreases from 299.1 K to 190
K andTC

onsetdrops from 309.3 K to 233.4 K with the increas
of x. HereTC

onset is the onset temperature of PM-FM pha
transition which is determined by the crossing point of t
extension line of PM regime and the tangent line of ph
transition regime~i.e., the regime with the largestdx/dT). It
is marked with ˆ in Fig. 2. Meanwhile, the magnetism i
weakened and the range of the magnetic transition is bro
ened. Whenx>0.18 the samples have no obvious magne
transition. So it can be concluded that the ferromagnetism
the samples decreases with the increase of Cu. It sugg
that although the Cu21 substitution enhances the content
the Mn41 ions, this effect is less considerable for transp
process. With the adding of Cu, an antiferromagnetic sup
exchange interaction is induced and increased.13–16 At the
same time, the Mn31-O22-Mn41 bonds are destroyed gradu
ally. This causes theeg electrons of Mn31 ions localized. So
the double exchange interaction in the samples is weake
by the increase of Cu, which caused that the electron s
form the FM alignment at lower temperature. Therefore,
temperature of PM-FM phase transition decreases and
transition range is broadened. In the heavily doped range
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existence of Cu causes a magnetic disorder. Therefore
double exchange interaction is hard to form and the magn
transition cannot occur.

The ESR properties for La0.825Sr0.175MnO3 are consistent
with the experimental results reported by other groups.17–19

Figures 3~a!–3~c! show the temperature dependence of E
signal for the samples withx50, 0.06, and 0.14, respec
tively. It can be seen from Fig. 3~a! that there are clear PM
lines with g factor near 2~marked withD! above 300 K. So
the sample is in PM phase. Below 300 K, the PM line sh
to low magnetic field and decreases gradually with cooli
It suggests that the sample undergoes a PM-FM phase
sition around 300 K. Because the FM regime appears at
phase transition temperature, the remained PM regime is
tually surrounded by an internal magnetic field induced
the FM phase. Therefore at a lower applied magnetic fie
the sum of the internal and applied field can reach the nee
magnitude of the resonance field. So the PM line is locate
a lower field. With the decrease of temperature, the F
phase becomes dominant and the PM phase vanishes g
ally. Hence, the PM line of ESR decreases and disappea
last. It is similar for the other two samples. For the sam
with x50.06, the magnetic transition temperature is arou
TABLE I. The Curie temperatureTC and transition temperatureTP for the samples with differentx.

x 0 0.04 0.06 0.10 0.12 0.14 0.16 0.18 0.20

TC~K! 299.1 286.9 281.8 250.2 238.5 204.7 190.5
TC

onset~K! 309.3 293.7 291.4 269.9 259.0 238.9 233.4
TP1~K! 313.2 295.5 291.2 245.2 230.1
TP2~K! 258.5 241.7 230.2 174.6 160.5 129.1 106.6
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FIG. 6. The scanning electronic microscope photo of La0.825Sr0.175Mn12xCuxO3. ~a! x50; ~b! x50.08; ~c! x50.12.
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280 K. And for the sample withx50.14, the transition tem
perature is between 200 K and 240 K. These results dem
strate through microscopic view that the PM-FM transiti
actually occurs in the samples. And the transition tempe
tures determined from ESR are consistent with that of
susceptibility measurements. Furthermore, the existenc
the PM lines demonstrates that there actually exists the
vironment for the formation of magnetic polarons aboveTC .
With the doping of Cu, this environment is destroyed grad
ally, which can be seen in the transport measurement.

B. Transport properties

The resistivity versus temperature curves are shown
Fig. 4. It can be seen that in the range 0<x<0.16 there is an
insulator-metal transition while for the sample withx>0.18
the transition is not observed. At the same time, the resis
ity increases dramatically with the adding of Cu.

In order to investigate further, we have fitted ther;T
curves of Fig. 4. We usedr5r01AT2.5 to fit the metallic
regime. Figure 5~a! shows that ther;T2.5 curves of this
regime are nearly linear. It suggests that the transport me
nism of this regime can be attributed to the magnon-car
scattering, which demonstrates further that the metallic
gime is actually in FM phase. To the insulating regime,
have fitted the curves of the samples withx50, 0.04, 0.16,
0.18, and 0.20. For the samples withx50, 0.04, and 0.16, we
replotted the resistivity curves as ln(r/T);1/T because it is
commonly accepted that the transport mechanism of the
sulating regime of La12xSrxMnO3 is the magnetic polaron
transport.20–22 Figure 5~b! shows that in the range ofT
.TC the curves are compatible with linearity quite we
And the activation energy obtained from fitting
82 meV (x50), 84 meV (x50.04), and 111 meV (x
50.16). For the samples withx50.18 and 0.20, we plot the
ln(r/T);1/T curves as well as the variable-range hopp
relation lnr;T1/4 in Fig. 5~c! and Fig. 5~d! to compare. For
the sample withx50.18, Fig. 5~c! indicates that the two
relations can fit the curve well in different temperature ran
For the sample withx50.20, Fig. 5~d! gives that the
ln(r/T);1/T curve apparently deviates from linearity whi
the lnr;T1/4 curve correspond with linearity quite well. Al
the fitting results suggest that the transport mechanism t
sits from the polaron transport to variable-range hopp
with the increase of Cu ions. Obviously, with the adding
Cu, theeg electrons of Mn31 ions become localized, which
increases the activation energy. When the content of
reaches 0.18, theeg electrons of Mn31 ions are more local-
ized and the activation energy becomes very large, so theg
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electrons cannot hop in low temperature which causes
the polaron transport does not dominate. At the same ti
the DE interaction cannot occur in the system. So the e
tron spins form a random magnetic structure instead of
alignment. Hence, the low temperature resistivity can be
ted well by the Mott variable-range hopping relation.23 With
the continuous increasing of Cu, more severe magnetic
order forms in the sample, which destroys the environm
needed by the formation of polarons. Hence, the trans
process is dominant by variable-range hopping.

From the resistivity versus temperature curves, it can
found in Fig. 4 that the interfacial tunneling really exists.
0<x<0.12 the curves have two peaks which locate atTP1
andTP2 , respectively (TP1>TP2). Here theTP1 is the tem-
perature of metalinsulator transition caused by PM-FM ph
transition. The peak atTP1 is a sign that the polarons delo
calize to naked carriers and the electrical conduction chan
from polaron hopping to free carriers itinerating in FM e
vironment. We listTP1 , TP2 , TC and TC

onset into Table I to
compare. It can be seen that for the samples withx<0.06,
TP1 consists withTC

onsetand for the samples withx50.1 and
0.12,TP1 consists withTC . It is reasonable because with th
increase of Cu content, PM-FM phase transition is broade
and the FM amplitude is weakened. So only when tempe
ture is lower thanTC

onset and close toTC , can the naked
carriers delocalized from polarons increase to a cer
amount and the metallic property appears. Therefore theTP1
of the samples withx50.1 and 0.12 is close toTC . The
peaks atTP2 are believed to reflect the spin-dependent int
facial tunneling due to the difference in magnetic order b

FIG. 7. The magnetoresistance curves
La0.825Sr0.175Mn12xCuxO3. The applied magnetic field is 5 T.
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tween surface and core.24 In heavily doped range, the grai
sizes of the samples are relatively small~seen from Fig. 6,
the scanning electronic microscope photo!. So the grain sur-
face expands with the increase ofx and the conductive chan
nels gradually reduces. Hence, the contribution to the re
tance of the interfacial tunneling becomes larger than tha
the grain core and the height of the peaks atTP2 exceeds that
of the peaks atTP1 gradually. In the range of 0.14<x
<0.16, the peak which reflects the magnetic transition
overwhelmed by that of the interfacial tunneling. So there
only one peak on the curve.

We measured the resistivity at applied magnetic fields
x50, x50.06 andx50.14 samples. The magnetoresistan
~MR! as a function of temperature is plotted in Fig. 7. He
the MR is defined asDr/r05(r02rH)/r0 , wherer0 is the
resistivity at zero field andrH is the resistivity at an applied
magnetic field of 5 T. These samples all have pretty la
negative magnetoresistance. And on the MR curves, there
corresponding peaks at the insulator-metal transition t
peratures. The MR atTP2 can be attributed to the ionic spin
in the surface being aligned by external field, which d
o
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creases the barrier height of the intergrain.24 With the in-
crease ofx, the MR atTP2 increases because of the surfa
expansion.

IV. CONCLUSION

In summary, we have studied the effect of dilution of M
by Cu on the electrical and magnetic properties of the CM
system La0.825Sr0.175MnO3. The existence of Cu21 weakens
the long range ferromagnetic order in the La0.825Sr0.175MnO3
and changes the transport mechanism of insulator phase
polaron transport to variable-range hopping. The dou
peak onr;T curves indicates that the spin-dependent tu
neling and intrinsic transport properties simultaneously e
in our samples.
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