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Magnetoresistance in ultrafine powders of half-metallic perovskite manganites
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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 neighboring grains, which can be substantially varied upon
application of a magnetic field. Such a tunneling mechanism
Half-metallic ferromagnets were first proposed as a news especially obvious in powder compacts of these materials.
class of materials by de Groet al.in 1983 The members One example is (LSl MnO; powders prepared by
of this class have simultaneously the property of an energoey” The intergranular resistance was estimated to be
gap between valence and conduction band for one spin pd-6 M(Q, much larger than the quantum limRy=7/2e?
larization and the property of continuous bands for another=12.9 K. This means metallic grains are truly isolated
As a consequence of such an asymmetric band character, tfilem one anothefan insulating granular medaind electron
conduction electrons at the Fermi level are completely polartransport will be entirely by tunneling from grain to grain.
ized, which is of considerable interest both for theoreticalApart from doped manganites, granular systems of other
studies and for potential application. half-metallic materials such as CyQalso exhibit similar
Among the materials that have been proved half metallidarge intergranular MR behavior and the spin-polarized tun-
in band-structure calculations or in experiments, doped mameling through insulating grain boundaries is widely ac-
ganites of the typé,_,B,MnO; (A=La, Nd;B=Ca, Ba, Sy  cepted as its origit’*?
are undoubtedly one of the most studied for their remarkable Very recently, attention has been drawn towards nanocrys-
magnetotransport properties. They are generally believed t@lline perovskite manganitéd-° Particularly, the experi-
be double-exchange ferromagnets and therefore, have mental work on nanoscale kgCa;MnO; powders in Ref.
nearly 100% spin polarization below the Curie temperaturel5 has shown distinct difference in magnetic and electrical
T..? near which a surprisingly magnetoresistariR) is  properties between ultrafine powders and conventional bulk
observed accompanied with a transition from a high-ceramics. With a grain size three orders smaller than the
temperature paramagnetic insulator to a low-temperature fetatter, the powder sample shows strong superparamagnetism
romagnetic metal* This so-called colossal MRCMR) is  above 95 K and behaves as an insulator betvéek and 300
restricted to a narrow range of temperatures arotingnd K. Most surprisingly, the magnetoresistance of powders can
difficult to apply to electronic devices despite their largereach a maximum value of 100% at low temperatures, nearly
magnitude. double the usual value found in ceram{&§%—60%. How-
Another type of MR is also found in the polycrystalline ever, the large MR drops rapidly after 100 K and vanishes
samples of these materials at low temperatures. Hwangradually around 300 K.
et al? first described this phenomenon in detail by compar- The purpose of this paper is to explain these new proper-
ing polycrystalline ceramics with  single crystal ties found in the nanopowder systems. Based upon a model
(Lag 651 39MnO;. The polycrystalline ceramics exhibited of tunneling magnetoresistance in insulating granular sys-
high resistivity values, which are far above that of the singletems, we try to incorporate into MR calculations the effects
crystal, and a sharp drop in the resistance at low fields. Acof superparamagnetism and high-order tunneling through
cording to the experimental results, Hwaegal. ascribed small grains with strong Coulomb blockade. It is found that
the negative MR of the polycrystalline samples to spin-these two factors are crucial to determine the temperature
polarized tunneling through an insulating grain boundarydependence of magnetoresistance in such a system. Our re-
separating metallic grains with high spin polarization. Actu-sults can agree with the experiments qualitatively.
ally, the double-exchange mechanism determines that, in
most cases, electrons in these systems are able to move when Il. THEORY
the spins of the ions are parallel, and cannot move if they are
unparalle’ So magnetic disorder in the interface redion
will sharply increase the resistance of grain boundaries and In the nanopowder system in Ref. 15, the high resistance
form a tunneling barrier through which spin-polarized tun-across a wide range of temperatuf8sK—-300 K) indicates
neling happens. The electron-tunneling probability dependghat the tunneling conductance through insulating grain
on the relative orientation of magentization directions ofboundaries outweighs the intrinsic conductance of grains and

A. Superparamagnetism
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dominates the whole transport process. So we can apply tHeor completely spin-polarized systeni®3€1), such a model
conventional model of insulating ferromagntic granularproduces a saturation MR with the value of 50%, which is in
system&~19to the present case. This model treats a couplegreement with the experimental results of the bulk samples
of grains separated by an insulating boundary as a smaih Ref. 15 at low temperatures since that magnetoresistance
ferromagnetic junction. The tunneling process is controlleds of the tunneling type described in the preceding section.
by the combination of spin-dependent tunneling and the However, for real systems composed of ultrafine single-
charging energy . of grains, that is, the energy required to domain grains at a given temperatdiehere always exists a
generate positively and negatively charged granules. Sugritical sizeDy,. When the diameteD of a grain is smaller
pose tunneling can only occur between grains that are equétan D,,, the magnetic anisotropy energy barriers of the
or nearly equal in size, the whole system can be representegtain (~KV with K as the anisotropic energy density avid

by a conductance network in which the metal grains are conas the grain volumewill be overcome by thermal energy

nected by conductancé; in the form of (~kgT) and superparamagneti§PM) relaxation occurd?
. Otherwise, the grains will be blocked, which means they are
Gij=G;j exp( —Ec/kgT), (1) prevented from reaching thermal equilibrium and behave as
. T . . . usual ferromagneti=M) grains. Then the tunneling conduc-
with Gijégreferrmg to the tunneling mobility between the 4o, coq in these systems should be divided into two types: one
grains a is between FM grains, the other between SPM grains. Their
Gﬁoc(1+ P2cosg)e 2, @) expressions and corresponding fractions are determined by
where G1=Gof dsf(s)(1+ szf)exp(—ZKs—c/KskBT),
S
P= (3) %
D;+D, fl=J f(D)dD, )
Dp
and
S
K= 12mep/h?. (4) GzzGoJ’ "dsf(s)(1+ P?m2)exp( — 2xks— ¢/ kskgT),
0

Here, 6 is the angle between the magnetizations of two fer-

romagnetic graind) ,(«=1,]) is the density of states at the - bef D)dD 9
Fermi energyEg for electrons with spina, P is the spin 27 1, (D)dD, ©
polarization, ands, m,, and ¢ are the thickness of the bar-

rier, the effective mass of electrons, and the barrier heightVheres; is the value of barrier thickness corresponding to
respectively. Dy sinces/D is equal to a constant, which has been de-

The distribution ofE. depends on that of the grain diam- Scribed above as one of the basic assumptions in the model

eterD and of the barrier thickness Shend? has pointed out  Of insulating granular systems proposed by Shengl.'®
that in order to ensure the homogeneity of the metallic grairf (D) is the probability distribution of granular diameter
concentration, the ratiB/s should have the same values for and m; (or my) refers to the reduced magnetization of FM
different regions in the system although bdhands may (0 SPM grains. When applied to a magnetic fiet] the
have a wide distribution. It follows that the produsE, is ~ Magnetization of -FM grains will rapldly reac.h its saturation
invariant for the same composition of the sample, which caryalue,m;=1, while that of SPM will rise with increasing

be written a¥’ field as
= H) kgT
rsE=c, ©) m2=cot)-< II:L_T) — :_H' (10)
where « and c are both constant. Under this condition, the ® ) .
conductance of the system is giveritas At extremely low temperatures, since lots of grains are

blocked, the tunneling between FM grains contributes most

to the transport process and the MR ratio is close to the value

G=Gof f dsdof(s)g(6)exp(—2ks—E./kgT) obtained not considering the influence of superparamag-
netism(MR=50% when P-1). With temperature rising, the

=Go(1+P?m?)exp(—2V2c/kgT), (6) number of SPM grains increases, causing the magnetoresis-

. . o tance decreasing quickly until most of the blocked grains are
wheremis the relative magnetization of the systefits) and  changed into superparamagnetic state. At a given tempera-
g(0) are, respectively, the distribution functionso&nd 6. 16 T and a magnetic field, the effective conductand®,
Then the MR ratio, defined agl—G(0)/G(H)], is x-  of the system can be calculated in the scheme of the effective
pressed as medium theory b§f

P2m? G,—G, G,— G,

MR= P @) L1626 d-1)G,

0, (12)
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whered is the dimention of the system, and the MR ratio is
determined by

_ Ge(T,H)=G(T,0) 12 21
G(T,0) 0
B. Cotunneling _\%

Although the consideration of superparamagnetism can £ 1]
yield a temperature dependence of MR similar to the experi- §
mental results, the high MR at low temperature is still sur- e

prising since it has greatly surpassed the upper limit of the-
oretical expectation. We attribute this obvious enhancement
of MR at low temperatures to tunneling between granules of
different sizes, which has not been included in the above 0
model. For ultrafine granular systems, there are many gran- 0
ules with the charging enerdy, higher than thermal energy
kg T and consequently have a low probability at which ther-
mally activated charge carriers occupy them. These “small” @
granules separate among other charged “large” ones and
cause higher-order processes of spin-dependent tunneling
where the carrier is transferred through the array of “small”
granules in the form of successive tunneling of single elec-
trons, i.e., the cotunneling of electrons. Ti#-order cotun-
neling conductance is given By

granular diameter D (arb. units)

Goocexp(— Eg/kgT—2ks’)(1+P?m?)("*1)
il
X |
(8Ee)?+[7(T)]?

where SE. is the Coulomb gap opened when an electron
tunnels from the “large” granule to the “small” oneg. and
s’ are the charging energy and barrier thickness correspond- o |p
ing to the “large” granule, andy(T) is the decay rate of the 0 . " \ ‘
intermediate states in the high-order process givery({l) 0 1 2 3
=gT with g being a constant. granular diameter D (arb. units)

Taking into account cotunneling and superparamagnetism (b)
at the same time, we can get a more reasonable description of ) ) )
the system as a random conductance network. The properti?s FIG. 1. Different grains at a certain temperature. L refers to
of granules at a certain temperature are illustrated in Fig. 12/96- S to small, F to ferromagnetic, and SP to superparamagnetic.
whereDy, andD. refer to the granular size corresponding to (@) Dp<D, at low temperaturegp) Dp>D at high temperatures.
magnetic block temperaturd §) and Coulomb energyH_.), ] . ] ]
respectively. When the temperature is high, most granule§'€ ratio of direct tunneling paths to cotunneling paths as
will be unblocked both in magnetism and in charge carriera/Pc=(fL —fg)/fs (whenfs<f,). Here,fs andf, are the
(Dp>D,), so the “small” granules D<D,) are certainly fractions of “small” and “large” granules,
superparamagnetic while the probabilities for the SPM and
the FM “large” granules are, respectively, determined by

(13

probability (arb. units)

SP/L

SP/S FL

DC
fszf f(D)dD,
Dy 0
fSP:f f(D)dD,

Cc

. t,= | #(D)dD. 15
fF:f f(D)dD. (14) ) foc( ) 13
Dy

The tunneling between these “large” granules may be directWhen the number of “small” granules exceeds that of
or through some “small” granules. For simplicity, we only “large” ones, fg>f, , we suppose there are only cotunneling
consider the first-order cotunneling, i.e., tunneling throughprocessesfd.=1,pq=0). Then it is obvious that the conduc-
only one “small” granule. By a rough estimation we obtain tances in the network have four typdsg. 2(b)],
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FIG. 3. The magnetoresistance curiime) with temperature
accompanied by experimental data from Ref. (Bguarg. (Dg
G, Q - O =18 nm,s=2.8 nm, u=61.7%s, g=0.3, 6=1.2, k=0.1 A)
F/L F/L G02:G1 eX[i— Eé/kBT_ZKS’)
. —_- aT 2
Gdz' Q Q X (1+ +P2?m 2) (2—)
SPIL SP/L (SE)*+[y(T)]?
G,: O"‘ O.AO feo=fspPc, (17)
FL SPIS FL Ga1=Go exp(—E¢/keT—2ks")(1+P?my),
G - Q’A O'AQ fa1=FfePg, (18
c2”
SPL SP/S SPIL Ggpr=Gg exp —El/kgT—2xs")(1+ P?m3),
(o) fa2="FspPg- (19
FIG. 2. Conduction paths at a certain temperat(@eD,<D.  Similarly, we get the types and fractions of link conductances

at low temperaturegh) D,>D,, at high temperatures. Straight ar- when the temperature is low enough to mdakg<D. [see
rows refer to direct tunneling and curved arrows to cotunneling.Figs. 1a) and Za)]. Then the effective conductance and the
Note that the grains in the figure have been far separated just imagnetoresistance in the whole range of temperature can be

order to make the figure clear, while in real systems such as ceranpbtained using effective medium theory to the network de-
ics or powder compacts they are isolated from one another by a thigcribed above.

insulating layer.

ij

In order to calculate the magnetoresistance of the system,

we select the log-normal size distribution used commonly in
Ger, FM—-SPM-FM granular system<

Ge2y, SPM-SPM-SPM 5 )
= f(D)~expl—(InD—InDy)</[2(In & . 20

Gy, SPM-SPM Consequencely, the distribution of barrier thickness of

the same type as that &f since their ratio is assumed to be

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

Ge

=G, exp(—E/kgT—2«ks")

f(s)~exp{— (Ins—Insy)?/[2(In §)2]}. (21
The average charging ener&ﬁ is calculated approximately
(’7TT)2 byll,ZO

X (14 P2mymy)2———M————,
T (SB[ (T2

(22)

c

fer=fepe, (16) - AmeeDo’
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FIG. 4. Dependence of the magnetoresistance as a function of FIG. 5. The comparison between the calculated MR, (

the cotunneling orden with P=1. =2 nm, s=3 nm, k=0.1 A, n=600pg, 9=0.3, 6=1.2, P
=0.35,E.=18 K) and the experimental results in Ref. 25.

Here D, is the average grain diameter and the dielectiric

constant is taken as=5. The value ofe is smaller than that tures. Our results are compared with the experiments on

reported in ceramic samples of manganese perovskies (Fe-Al,O; granular films in Ref. 25. It can be seen from Fig.

=10) 22 However, considering the imperfection of powder 5 that in that caseE{2=l8 K) our model can get a tempera-

boundaries and referring to the experiments on LrO ture dependence of MR in good agreement with experiments.

powderst! we believe this value is acceptable.

Another parameter difficult to determine is the ratio
G1/Gy. Fortunately, the calculated MR is not sensitive to its
value between 0.01 and 1, which is the possible range ac- In this paper, we present an extended model of insulating
cording to Slonczewski’s tunneling thedSo we choose granular systems to explain the new magnetotransport prop-
0.1 as its value and give the temperature dependence of tlegties found in recent experiments on nanopowders of perov-
magnetoresistance as shown in Fig. 3. Other parameters askite manganites. It is shown that with the grain size decreas-
taken either directly from the experiment in Ref. 15 or froming into nanometers, both superparamagnetism and
data reported in work on similar systeRts? Their values  cotunneling will play an important role in determining the
are listed in the caption of Fig. 3. temperature dependence of the magnetoresistance. Particu-

The calculated MR vs temperature curve in Fig. 3 canlarly, cotunneling processes can enhance MR obviously at
agree with the experiment, especially in the range from inlow temperatures while the existence of superparamagnetism
termediate to high temperatures. At low temperatures, théends to cause MR decaying with temperature increasing.
MR value is smaller than that in the experiment, whichAlthough these effects caused by nanostructure are espe-
comes from our neglect of cotunneling with higher order.cially obvious in half-metallic systems for their high spin
Taking the limit case of — 0 as an example, at which nearly polarization, our model can also be applied to other ferro-
all granules have been both “small” and ferromagnetic, themagnetic granular systems in which tunneling processes are
main tunneling process tends to have an order much highefominant.
than oné! and therefore, increases the magnetoresistance to
a rather high value. Figure 4 gives a description of the rapid
rising of MR with the increase of the cotunneling ordert
is shown that the value of MR can even reach nearly 100% This project was supported by the National Natural Sci-
whenn>6. In order to test the validity of our model further, ence Foundation of China under Grant No. 19774042 and
we apply it to the case with small charging energy, where thdiangsu Natural Science Foundation under Grant No.
cotunneling order is expected to be low even at low temperaBK99078.
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