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Highly nonlinear current–voltage (J}Ea) relations with voltage-limiting characteristics are
observed for Mg-doped lanthanum calcium manganite polycrystalline ceramics with nonlinearity
coefficient, a52 – 9 at low-electric-field strengths of 2–5 V/mm, below magnetic transition
temperatures. The current density increases with external magnetic field, so that magnetically
tunable low-voltage varistors are realized. Thea increases on annealing at 1375 K in atmospheres
of lower pO2

, and becomes more pronounced with decreasing grain size, indicating that nonlinear
behavior is related to the outdiffusion of oxygen through the grain-boundary-layer regions. The
increasing deficiency in Mn31/Mn41 pairs reduces the hole-hopping probability leading to
insulating barriers in the grain-boundary-layer regions. The barrier height is lowered by the external
electric field, facilitating the charge-carrier movement between the grains. Since the conduction is
due to spin-polarized tunneling, the external magnetic field increases the current.
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Electrical transport and magnetic properties of per
skite manganites are greatly influenced by the grain size
well as grain-boundary-layer~GBL! contributions. There is a
larger drop in resistivity observed at low magnetic fields
polycrystalline specimens of La0.67Sr0.33MnO3 than that of
single crystals, and this is attributed to the spin-polariz
tunneling of electrons between the grains.1 There are also
studies in thin films of La0.67~Ca/Sr/Ba!0.33MnO3 with differ-
ent grain sizes, compared with the properties of epita
films.2 Nonlinear electrical conductivity below magnet
transition temperature (Tc) is observed in La0.67~Ca/
Sr!0.33MnO3 deposited on SrTiO3 bicrystal substrates.3,4 The
nonlinear conduction is explained in terms of the presenc
disordered, few-nm-wide, paramagnetic grain-bound
layer that is depleted belowTc .3 Since perovskite
manganites are potential candidates for sensor app
tions; the device optimizations require in-depth und
standing of the microstructure effects on electrical transp
as well as magnetic properties. We have prepa
La0.67Ca0.33Mn0.95Mg0.05O3 ~LCMMO! specimens with large
difference in grain sizes, which are ideal for studying t
effects of grain size and the influence of the GBL regions
manganites. LCMMO specimens annealed in atmosphere
lower pO2

(;1026 atm) exhibit nonlinear current–voltag

(J–E) characteristics belowTc . By controlling the outdif-
fusion of oxygen through the GBL regions, nonlinear beh
ior is observed at relatively low-electric-field strength
(,5 V/mm) with nonlinearity coefficienta52 – 9. The
voltage-limiting nonlinear conduction in LCMMO can b
utilized in low-voltage magnetically tunable surge protecti
devices~varistors!, electromagnetic switching devices, an
fabrication of electromagnets on the micrometer scale.

LCMMO compounds were prepared through a w
chemical method involving a redox reaction. The details

a!Electronic mail: kutty@mrc.iisc.ernet.in
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the method were given in our previous publications.5,6 The
phase-pure powders were pressed into disks and sintere
air at 1575~A samples! or 1825 K ~B samples!. The dura-
tions of sintering ranged from 4–8 h. The excess or d
ciency of oxygen~d! in La0.67Ca.33Mn0.95M0.05O36d was de-
termined by iodometric titrations. Both sets of samp
exhibit oxygen excess stoichiometry and can be represe
as La0.67Ca0.33Mn0.95M0.05O31d . The d values are presente
in Table I. X-ray diffraction patterns were obtained using
Scintag diffractometer, which indicated cubic symmetry
these specimens. TheTc values were obtained from the d
susceptibility measurements7 and are presented in Table
Electrical resistivityr~T! was measured using the four-prob
dc technique. TheJ–E characteristics were measured usi
a circuit consisting of a load resistor and the sample in ser
Pulse voltages with 2 ms duration were applied and the c
rent in the circuit was measured with a multichannel stora
oscilloscope. During theJ–E measurements, the body tem
peratures of the specimens were measured with a carbo
sistor thermometer, which was made electrically insulat
whereas thermally conductive, using beryllia cement. Mic
structural studies were done using a S360 Cambridge s
ning electron microscope~SEM!.

Figure 1 shows the SEM micrographs of specimens fr
the A and B series. The A samples show an average g

TABLE I. d anda values at two different temperatures at chosen elect
field strengths andTc of La0.67Ca0.33Mn0.95Mg0.05O3 samples with two dif-
ferent sizes.

Temperature of
sintering~K! d

Temperature of
measurement~K!

~J–E curves! a
Field strength

~V/cm! Tc ~K!

1825 0.026 193 1.6 25
150 3 37 206

1575 0.028 193 2 120
150 7 220



th
e

-
in

vi

t
su
ns

e

o

m
is

le
o
re
i

io

xy-
-
that
h

e A
per-
e

d the
r;
the A

e

rves

ts of
low
ld
ith

d
nlin-
ur-

m-
ples

t.

t in

e

size of 4mm. The B samples display large grain growth wi
an average grain size of 60mm. Both sets of samples ar
very dense, except for a few random pores.

Figure 2 displays ther(T) behavior of the A and B
series of the samples. Both these sets of samples~as sintered!
show a metal–insulator~MI ! transition. The larger-grain
sized specimens have lower resistivity. As the grain size
creases, the grain-boundary contributions to the resisti
are minimized, exhibiting larger conductivity.2 There is a
shoulder peak observed at lower temperatures in the
samples. This arises due to the oxygen inhomogeneity in
samples. Oxygen-annealed samples do not show any
peaks @Fig. 2~b!#. Both sets of as-sintered specime
were annealed in atmospheres of lowerpO2

~1026 atm,
CO/CO21Ar gas mixtures! at 1375 K for 1 h. A remarkable
increase in resistivity is observed in the A samples. Thd
value is reduced from10.028 to20.06. The MI transition is
obliterated and the resistivity increases by two orders
magnitude at low temperatures. The B samples (d520.02)
do not display any prominent changes in resistivity. There
a cusp observed near 150 K where the as-sintered speci
display the MI transition; however, the overall behavior
insulating. Samples heat treated at lowerpO2

are reannealed
in O2 atmosphere at 1375 K for shorter durations~10–30
min!. The A samples show one order decrease inr together
with the reappearance of the MI transition. Oxygen-annea
B samples also exhibit the MI transition, but the range
resistivity values is unchanged. Thus, large variations in
sistivity are observed only in A-samples after annealing
different pO2

. Reannealing the samples for shorter durat

FIG. 1. SEM micrographs of La0.67Ca0.33Mn0.95Mg0.05O31d samples sintered
at ~a! 1575 K for 4 h and~b! 1825 K for 6 h. The white particles seen in th
micrograph are alumina~retained even after sonification!, used for polish-
ing.
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was intended to study the effect of the GBL regions on o
gen diffusion. It is well known that the diffusion of constitu
ents around the grain boundaries is much faster than
through grain interiors. Thus, diffusion of oxygen throug
the bulk grain requires a longer duration of annealing. Th
samples have a larger area covered by the GBL regions,
mitting higher amounts of oxygen to diffuse in or out. In th
case of the B samples, the grains cover a larger area an
diffusion of oxygen through the grain interiors is slowe
therefore, conspicuous changes are not observed. Since
samples take up more oxygen in the GBL regions, the Mn41

content is also enhanced around the same regions.
Figure 3 shows theJ–E behavior of specimens from th

A and B series annealed at lowpO2
(1026 atm) at 1375 K for

1 h. These specimens show insulating behavior. The cu
corresponding to the filled points in Fig. 3 are theJ–E
curves of the B samples. At higher temperatures, both se
samples show linear conduction behavior, however, be
Tc nonlinear behavior is observed at higher-electric-fie
strengths. The nonlinear behavior increases inversely w
temperature and can be calculated using the parametera de-
fined asd ln J/d ln E. If the non-Ohmic behavior observe
arises due to Joule heating, we should have observed no
earJ–E curves even at higher temperatures where the c
rent density is much larger than what prevails at low te
peratures. Furthermore, the body temperature of the sam
does not increase more than 2° from that of the ambien

There exists considerable differences inJ–E curves of
the samples of the A and B series after heat treatmen

FIG. 2. Resistivity characteristics of~a! A samples and~b! B samples an-
nealed at 1375 K in differentpO2

after sintering.
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, J.
lower pO2
; similar to that of observed in ther(T) curves.

Below Tc , the A samples show highly nonlinearJ–E curves
at high-field strengths in comparison to the B samples. Tha
values are calculated in the nonlinear region at chosen
strengths for different temperatures~Table I!. The extent of
the nonlinearity observed in the B samples is substanti
small. The difference ina values between the A and B
samples increases inversely with temperature. The A sam
showed discernible outdiffusion of oxygen and the exten
nonlinearity is higher. The extent of oxygen diffusion in th
B samples is less and the nonlinearity is correspondin
small. By annealing at different temperatures and durati
in the samepO2

, the extent of oxygen diffusion can be co
trolled. Figure 4 shows theJ–E characteristics of the A se
ries annealed in lowerpO2

(1026 atm) at 1275 K for 50 min.
Thed value reduces from10.028 to20.043. The nonlinear

FIG. 3. J–E curves of A and B samples heat treated in lowerpO2

(1026 atm) at 1375 K for 1 h.

FIG. 4. J–E characteristics of the A samples annealed in lowerpO2

(1026 atm) at 1275 K for 50 min. The inset shows the resistivity andJ–E
curves in the presence of different magnetic field atT5110 K.
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behavior is observed at lower-electric-field streng
(,5 V/mm) below Tc . The nonlinearity coefficienta in-
creases from 2~154 K, E51.6 V/mm! to 9 ~117 K, E
52.3 V/mm!. The inset shows ther~T! behavior; the resis-
tivity has decreased in comparison to the same sample
nealed at 1375 K for 1 h (1026 atm). Thus, depending upo
pO2

of the annealing and the grain size, the nonlinear c
duction characteristics can be tailored. The inset also sh
the magnetic-field effect on theJ–E curves. The current in
the nonlinear region increases with external magnetic fi
and the nonlinear region sets in at lower voltages. Thus,
magnetic field can tune theJ–E characteristics at which the
nonlinear conduction prevails and can be used as mag
cally tunable low voltage surge protection devices. There
several other low-voltage varistors reported in the literat
based onn-type materials such as ZnO,8 Zn7Sb2O12,9 or
SrTiO3.

10 The present material differs from all of them from
the fact that it isp type, nonlinearity is observed belowTc ,
and theJ–E characteristics are magnetically tunable.

Only oxygen-deficient LCMMO specimens exhibit th
insulating resistivity characteristics and nonlinear conduc
ity. Higher concentrations of oxygen vacancies around
GBL arise as a result of the outdiffusion of oxygen from t
grain boundaries. Consequently, there will be a low conc
tration of Mn41 ions around these regions. This results in
smaller number of Mn31–O–Mn41 pairs, thereby reducing
the probability of the hole hopping that responsible for co
duction, leading to the insulating behavior in the GBL r
gions. Thus, the grain interiors are more conductive than
grain-boundary regions. Since the Mn41 ion concentration in
La0.67Ca0.33Mn0.95Mg0.05O32d is lower around the grain
boundaries, the ferromagnetic transition temperature in
GBL regions@designated asTc ~gb!# will be lower in com-
parison to that of the grain interior~designated asTc!. Below
Tc , the grain interiors become ferromagnetic, whereas
GBL regions stay paramagnetic due to the fact thatTc (gb)
,Tc . Thus, there will be band-bending effects as envisa
by Grosset al.,3 giving rise to the depletion regions. Th
nonlinearJ–E curves arise from the insulating barrier in th
GBL regions. BelowTc , the conduction across the barrie
may be due to the spin-dependent tunneling. When the
rier height is lowered by the application of an external ele
tric field, energetic carriers can move over the barrier, res
ing in larger conductivity. When the applied electric fie
reaches a threshold value, the barrier height is remarka
lowered, allowing a large number of carriers to move b
tween the grains, and thereby exhibiting a higher curr
density.
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