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Magnetoresistance in ultrafine powders of half-metallic perovskite manganites
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and Department of Physics, Suzhou University, Suzhou 215006, China
~Received 12 July 2001; published 20 November 2001!

A model of conductance network is presented to study the magnetotransport properties of half-metallic
nanopowders of perovskite manganites. The effects of superparamagnetism and high-order tunneling on the
temperature dependence of magnetoresistance in such systems are examined and the results are consistent with
experiments. Our model can also be applied to other ferromagnetic fine-granular systems and a good agreement
with experiments is found as well.
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I. INTRODUCTION

Half-metallic ferromagnets were first proposed as a n
class of materials by de Grootet al. in 1983.1 The members
of this class have simultaneously the property of an ene
gap between valence and conduction band for one spin
larization and the property of continuous bands for anoth
As a consequence of such an asymmetric band characte
conduction electrons at the Fermi level are completely po
ized, which is of considerable interest both for theoreti
studies and for potential application.

Among the materials that have been proved half meta
in band-structure calculations or in experiments, doped m
ganites of the typeA12xBxMnO3 ~A5La, Nd;B5Ca, Ba, Sr!
are undoubtedly one of the most studied for their remarka
magnetotransport properties. They are generally believe
be double-exchange ferromagnets and therefore, hav
nearly 100% spin polarization below the Curie temperat
Tc ,2 near which a surprisingly magnetoresistance~MR! is
observed accompanied with a transition from a hig
temperature paramagnetic insulator to a low-temperature
romagnetic metal.3,4 This so-called colossal MR~CMR! is
restricted to a narrow range of temperatures aroundTc and
difficult to apply to electronic devices despite their lar
magnitude.

Another type of MR is also found in the polycrystallin
samples of these materials at low temperatures. Hw
et al.5 first described this phenomenon in detail by comp
ing polycrystalline ceramics with single cryst
(La0.67Sr0.33)MnO3. The polycrystalline ceramics exhibite
high resistivity values, which are far above that of the sin
crystal, and a sharp drop in the resistance at low fields.
cording to the experimental results, Hwanget al. ascribed
the negative MR of the polycrystalline samples to sp
polarized tunneling through an insulating grain bound
separating metallic grains with high spin polarization. Ac
ally, the double-exchange mechanism determines that
most cases, electrons in these systems are able to move
the spins of the ions are parallel, and cannot move if they
unparallel.6,7 So magnetic disorder in the interface regio8

will sharply increase the resistance of grain boundaries
form a tunneling barrier through which spin-polarized tu
neling happens. The electron-tunneling probability depe
on the relative orientation of magentization directions
0163-1829/2001/64~22!/224413~6!/$20.00 64 2244
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neighboring grains, which can be substantially varied up
application of a magnetic field. Such a tunneling mechan
is especially obvious in powder compacts of these materi
One example is (La0.7Sr0.3)MnO3 powders prepared by
Coey.9 The intergranular resistance was estimated to
1.6 MV, much larger than the quantum limitRQ5\/2e2

.12.9 kV. This means metallic grains are truly isolate
from one another~an insulating granular metal! and electron
transport will be entirely by tunneling from grain to grain
Apart from doped manganites, granular systems of ot
half-metallic materials such as CrO2 also exhibit similar
large intergranular MR behavior and the spin-polarized t
neling through insulating grain boundaries is widely a
cepted as its origin.10–12

Very recently, attention has been drawn towards nanoc
talline perovskite manganites.13–15 Particularly, the experi-
mental work on nanoscale La2/3Ca1/3MnO3 powders in Ref.
15 has shown distinct difference in magnetic and electr
properties between ultrafine powders and conventional b
ceramics. With a grain size three orders smaller than
latter, the powder sample shows strong superparamagne
above 95 K and behaves as an insulator between 5 K and 300
K. Most surprisingly, the magnetoresistance of powders
reach a maximum value of 100% at low temperatures, ne
double the usual value found in ceramics~50%–60%!. How-
ever, the large MR drops rapidly after 100 K and vanish
gradually around 300 K.

The purpose of this paper is to explain these new prop
ties found in the nanopowder systems. Based upon a m
of tunneling magnetoresistance in insulating granular s
tems, we try to incorporate into MR calculations the effe
of superparamagnetism and high-order tunneling thro
small grains with strong Coulomb blockade. It is found th
these two factors are crucial to determine the tempera
dependence of magnetoresistance in such a system. Ou
sults can agree with the experiments qualitatively.

II. THEORY

A. Superparamagnetism

In the nanopowder system in Ref. 15, the high resista
across a wide range of temperatures~5 K–300 K! indicates
that the tunneling conductance through insulating gr
boundaries outweighs the intrinsic conductance of grains
©2001 The American Physical Society13-1
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dominates the whole transport process. So we can apply
conventional model of insulating ferromagntic granu
systems16–19 to the present case. This model treats a cou
of grains separated by an insulating boundary as a s
ferromagnetic junction. The tunneling process is control
by the combination of spin-dependent tunneling and
charging energyEc of grains, that is, the energy required
generate positively and negatively charged granules. S
pose tunneling can only occur between grains that are e
or nearly equal in size, the whole system can be represe
by a conductance network in which the metal grains are c
nected by conductancesGi j in the form of

Gi j 5Gi j
T exp~2Ec /kBT!, ~1!

with Gi j
T referring to the tunneling mobility between th

grains as19

Gi j
T }~11P2cosu!e22ks, ~2!

where

P5
D↑2D↓
D↑1D↓

~3!

and

k5A2mef/\2. ~4!

Here,u is the angle between the magnetizations of two f
romagnetic grains,Da(a5↑,↓) is the density of states at th
Fermi energyEF for electrons with spina, P is the spin
polarization, ands, me , andf are the thickness of the ba
rier, the effective mass of electrons, and the barrier hei
respectively.

The distribution ofEc depends on that of the grain diam
eterD and of the barrier thicknesss. Sheng16 has pointed out
that in order to ensure the homogeneity of the metallic gr
concentration, the ratioD/s should have the same values f
different regions in the system although bothD and s may
have a wide distribution. It follows that the productsEc is
invariant for the same composition of the sample, which c
be written as17

ksEc5c, ~5!

wherek and c are both constant. Under this condition, t
conductance of the system is given as18

G5G0E E dsdu f ~s!g~u!exp~22ks2Ec /kBT!

5G0~11P2m2!exp~22A2c/kBT!, ~6!

wherem is the relative magnetization of the system,f (s) and
g(u) are, respectively, the distribution functions ofs andu.
Then the MR ratio, defined as@12G(0)/G(H)#, is ex-
pressed as

MR5
P2m2

11P2m2
. ~7!
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For completely spin-polarized systems (P51), such a model
produces a saturation MR with the value of 50%, which is
agreement with the experimental results of the bulk samp
in Ref. 15 at low temperatures since that magnetoresista
is of the tunneling type described in the preceding sectio

However, for real systems composed of ultrafine sing
domain grains at a given temperatureT, there always exists a
critical sizeDb . When the diameterD of a grain is smaller
than Db , the magnetic anisotropy energy barriers of t
grain (;KV with K as the anisotropic energy density andV
as the grain volume! will be overcome by thermal energ
(;kBT) and superparamagnetic~SPM! relaxation occurs.19

Otherwise, the grains will be blocked, which means they
prevented from reaching thermal equilibrium and behave
usual ferromagnetic~FM! grains. Then the tunneling conduc
tances in these systems should be divided into two types:
is between FM grains, the other between SPM grains. T
expressions and corresponding fractions are determined

G15G0E
sb

`

ds f~s!~11P2m1
2!exp~22ks2c/kskBT!,

f 15E
Db

`

f ~D !dD, ~8!

G25G0E
0

sb
ds f~s!~11P2m2

2!exp~22ks2c/kskBT!,

f 25E
0

Db
f ~D !dD, ~9!

wheresb is the value of barrier thickness corresponding
Db since s/D is equal to a constant, which has been d
scribed above as one of the basic assumptions in the m
of insulating granular systems proposed by Shenget al.16

f (D) is the probability distribution of granular diameterD
and m1 ~or m2) refers to the reduced magnetization of F
~or SPM! grains. When applied to a magnetic fieldH, the
magnetization of FM grains will rapidly reach its saturatio
value, m151, while that of SPM will rise with increasing
field as

m25cothS mH

kBTD2
kBT

mH
. ~10!

At extremely low temperatures, since lots of grains a
blocked, the tunneling between FM grains contributes m
to the transport process and the MR ratio is close to the va
obtained not considering the influence of superparam
netism~MR550% when P51!. With temperature rising, the
number of SPM grains increases, causing the magnetor
tance decreasing quickly until most of the blocked grains
changed into superparamagnetic state. At a given temp
ture T and a magnetic fieldH, the effective conductanceGe
of the system can be calculated in the scheme of the effec
medium theory by20

f 1

G12Ge

G11~d21!Ge
1 f 2

G22Ge

G21~d21!Ge
50, ~11!
3-2
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whered is the dimention of the system, and the MR ratio
determined by

MR5
Ge~T,H !2Ge~T,0!

Ge~T,0!
. ~12!

B. Cotunneling

Although the consideration of superparamagnetism
yield a temperature dependence of MR similar to the exp
mental results, the high MR at low temperature is still s
prising since it has greatly surpassed the upper limit of t
oretical expectation. We attribute this obvious enhancem
of MR at low temperatures to tunneling between granules
different sizes, which has not been included in the ab
model. For ultrafine granular systems, there are many g
ules with the charging energyEc higher than thermal energ
kBT and consequently have a low probability at which th
mally activated charge carriers occupy them. These ‘‘sm
granules separate among other charged ‘‘large’’ ones
cause higher-order processes of spin-dependent tunn
where the carrier is transferred through the array of ‘‘sma
granules in the form of successive tunneling of single el
trons, i.e., the cotunneling of electrons. Thenth-order cotun-
neling conductance is given by21

Gc
n}exp~2Ec8/kBT22ks8!~11P2m2!(n11)

3H ~pT!2

~dEc!
21@g~T!#2J n

, ~13!

where dEc is the Coulomb gap opened when an electr
tunnels from the ‘‘large’’ granule to the ‘‘small’’ one,Ec8 and
s8 are the charging energy and barrier thickness corresp
ing to the ‘‘large’’ granule, andg(T) is the decay rate of the
intermediate states in the high-order process given byg(T)
.gT with g being a constant.

Taking into account cotunneling and superparamagne
at the same time, we can get a more reasonable descripti
the system as a random conductance network. The prope
of granules at a certain temperature are illustrated in Fig
whereDb andDc refer to the granular size corresponding
magnetic block temperature (TB) and Coulomb energy (Ec),
respectively. When the temperature is high, most gran
will be unblocked both in magnetism and in charge carri
(Db.Dc), so the ‘‘small’’ granules (D,Dc) are certainly
superparamagnetic while the probabilities for the SPM a
the FM ‘‘large’’ granules are, respectively, determined by

f SP5E
Dc

Db
f ~D !dD,

f F5E
Db

`

f ~D !dD. ~14!

The tunneling between these ‘‘large’’ granules may be dir
or through some ‘‘small’’ granules. For simplicity, we on
consider the first-order cotunneling, i.e., tunneling throu
only one ‘‘small’’ granule. By a rough estimation we obta
22441
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the ratio of direct tunneling paths to cotunneling paths
pd /pc5( f L2 f S)/ f S ~when f S, f L). Here, f S and f L are the
fractions of ‘‘small’’ and ‘‘large’’ granules,

f S5E
0

Dc
f ~D !dD,

f L5E
Dc

`

f ~D !dD. ~15!

When the number of ‘‘small’’ granules exceeds that
‘‘large’’ ones, f S. f L , we suppose there are only cotunnelin
processes (pc51,pd50). Then it is obvious that the conduc
tances in the network have four types@Fig. 2~b!#,

FIG. 1. Different grains at a certain temperature. L refers
large, S to small, F to ferromagnetic, and SP to superparamagn
~a! Db,Dc at low temperatures;~b! Db.Dc at high temperatures
3-3
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Gi j 55
Gc1 , FM2SPM2FM

Gc2 , SPM2SPM2SPM

Gd1 , FM2FM

Gd2 , SPM2SPM.

The detailed expressions of the conductances and their
tions are listed as follows:

Gc15G1 exp~2Ec8/kBT22ks8!

3~11P2m1m2!2
~pT!2

~dEc!
21@g~T!#2

,

f c15 f Fpc , ~16!

FIG. 2. Conduction paths at a certain temperature.~a! Db,Dc

at low temperatures;~b! Db.Dc at high temperatures. Straight a
rows refer to direct tunneling and curved arrows to cotunneli
Note that the grains in the figure have been far separated ju
order to make the figure clear, while in real systems such as ce
ics or powder compacts they are isolated from one another by a
insulating layer.
22441
c-

Gc25G1 exp~2Ec8/kBT22ks8!

3~11P2m2
2!2

~pT!2

~dEc!
21@g~T!#2

,

f c25 f SPpc , ~17!

Gd15G0 exp~2Ec8/kBT22ks8!~11P2m1
2!,

f d15 f Fpd , ~18!

Gd25G0 exp~2Ec8/kBT22ks8!~11P2m2
2!,

f d25 f SPpd . ~19!

Similarly, we get the types and fractions of link conductanc
when the temperature is low enough to makeDb,Dc @see
Figs. 1~a! and 2~a!#. Then the effective conductance and t
magnetoresistance in the whole range of temperature ca
obtained using effective medium theory to the network d
scribed above.

In order to calculate the magnetoresistance of the syst
we select the log-normal size distribution used commonly
granular systems,22

f ~D !;exp$2~ ln D2 ln D0!2/@2~ ln d!2#%. ~20!

Consequencely, the distribution of barrier thicknesss is of
the same type as that ofD since their ratio is assumed to b
constant,

f ~s!;exp$2~ ln s2 ln s0!2/@2~ ln d!2#%. ~21!

The average charging energyEc
0 is calculated approximately

by11,20

Ec
0.

e2

4pee0D0
. ~22!

FIG. 3. The magnetoresistance curve~line! with temperature
accompanied by experimental data from Ref. 15~square!. (D0

518 nm, s52.8 nm,m561.79mB , g50.3, d51.2, k50.1 Å.!
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Here D0 is the average grain diameter and the dielect
constant is taken ase55. The value ofe is smaller than that
reported in ceramic samples of manganese perovskitee
510).23 However, considering the imperfection of powd
boundaries and referring to the experiments on C2
powders,11 we believe this value is acceptable.

Another parameter difficult to determine is the ra
G1 /G0. Fortunately, the calculated MR is not sensitive to
value between 0.01 and 1, which is the possible range
cording to Slonczewski’s tunneling theory.24 So we choose
0.1 as its value and give the temperature dependence o
magnetoresistance as shown in Fig. 3. Other parameter
taken either directly from the experiment in Ref. 15 or fro
data reported in work on similar systems.21,22 Their values
are listed in the caption of Fig. 3.

The calculated MR vs temperature curve in Fig. 3 c
agree with the experiment, especially in the range from
termediate to high temperatures. At low temperatures,
MR value is smaller than that in the experiment, whi
comes from our neglect of cotunneling with higher ord
Taking the limit case ofT→0 as an example, at which near
all granules have been both ‘‘small’’ and ferromagnetic, t
main tunneling process tends to have an order much hig
than one21 and therefore, increases the magnetoresistanc
a rather high value. Figure 4 gives a description of the ra
rising of MR with the increase of the cotunneling ordern. It
is shown that the value of MR can even reach nearly 10
whenn.6. In order to test the validity of our model furthe
we apply it to the case with small charging energy, where
cotunneling order is expected to be low even at low tempe

FIG. 4. Dependence of the magnetoresistance as a functio
the cotunneling ordern with P51.
J

T
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tures. Our results are compared with the experiments
Fe-Al2O3 granular films in Ref. 25. It can be seen from Fi
5 that in that case (Ec

0518 K) our model can get a tempera
ture dependence of MR in good agreement with experime

III. CONCLUSIONS

In this paper, we present an extended model of insula
granular systems to explain the new magnetotransport p
erties found in recent experiments on nanopowders of pe
skite manganites. It is shown that with the grain size decre
ing into nanometers, both superparamagnetism
cotunneling will play an important role in determining th
temperature dependence of the magnetoresistance. Pa
larly, cotunneling processes can enhance MR obviously
low temperatures while the existence of superparamagne
tends to cause MR decaying with temperature increas
Although these effects caused by nanostructure are e
cially obvious in half-metallic systems for their high sp
polarization, our model can also be applied to other fer
magnetic granular systems in which tunneling processes
dominant.
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of FIG. 5. The comparison between the calculated MR (D0

52 nm, s53 nm, k50.1 Å, m5600 mB , g50.3, d51.2, P
50.35, Ec518 K) and the experimental results in Ref. 25.
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