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The magnetoresistand®IR) in polycrystalline colossal magnetoresistive compounds follows a behavior
different from single crystals below the ferromagnetic transition temperature. This difference is usually attrib-
uted to spin-polarized tunneling at the grain boundaries of the polycrystalline sample. Here we derive a
theoretical expression for the contribution of spin-polarized tunneling to the magnetoresistance in granular
ferromagnetic systems under the mean-field approximation. We apply this model to our experimental data on
two half-metallic ferromagnets, kaSr, MnO; and Lg ggHog 155 ;MNnO5 in the temperature range 5-300 K.

We find that the theoretical predictions agree quite well with the observed dependence of the spin polarized
MR on the spontaneous magnetization. We discuss the significance of our results in the light of the recent
finding by A. Biswaset al.[Phys. Rev. B59, 5368(1999 ] regarding the evolution of the total density of states

at the Fermi level as a function of temperature in colossal magnetoresistive materials.
[S0163-18299)04405-1

[. INTRODUCTION neling gives rise to a sharp drop in resistance at low fields
and low temperatures. At high fields, the resistance varies
The large amount of recent activity on colossal magne-almost linearly with the field. The high-field behavior can be
toresistive (CMR) manganites has revived interest in the attributed to the intrinsic Zener double exchange mechanism
study of electrical transport in granular itinerant ferromag-and explains the observations in single crystals. Thus one
nets. Many of these materialg.g., L ;SfpsMnO3, CrO,,  can estimate the resistance drop due to spin-polarized tunnel-
Fe;0,) in the polycrystalline form are now known to exhibit ing by finding the intercept obtained by extrapolating back
large magnetoresistance at low fields below the ferromage Jinear high-field region. Using this scheme, we had ear-
netic transition temperatureT()."”* Under similar condi- jier shown that the intergranular magnetoresistance due to
tions, magnetoresistance in single crystals is either very '°V§pin-polarized tunneling in polycrystalline colossal magne-
or totally absent. The origin of this nonintrinsic intergranular ; -aistive manganites drops monotonically with tempera-

.EffeCt is interesting and its _detaile_d unde_rstanding should bﬁJre, whereas the intrinsic part follows the behavior expected
important from a technological point of view. from Zener double exchange

int;—rhcr);r?gla?re;/eizal g?;ﬁ?erghtirnsnZﬁxg_?grgﬁe?eiz'in%f;eft © Inan attempt to understand the mechanism of magnetore-
g bin p ' P sistance in granular ferromagnets, Helman and Afdies

standing of this phenomenon is lacking. Comparing the mag- d del based on int | . larized t
netoresistance of single-crystalline and polycrystallineprOpose a model based on Intergranufar spin-pofarized tun-

samples of Lg:St4MnOs, Hwang et all suggested that neling. This model assumed that When an e_Iectron_tunneIs
spin-polarized tunneling at the polycrystalline grain bound-2cross @ boundary between two grains having antiparallel
aries might play a crucial role in determining the magne_magnetlzatmn, it will experience a potential barrler of the
totransport properties below the ferromagnefig. They  order of the exchange energi ). So the tunneling prob-
suggested that the magnetoresistance in polycrystallin@bility between the two grains with antiparallel magnetiza-
Lag -St, MnO; originates from the following two sources: tion was assumed to be reduced by a faetoFm’<T from

(i) an intrinsic part arising from Zener double exchangethat when they are parallel. The conceptual difficulty in Hel-
mechanisr between two neighboring manganese ions, andnan and Abeles’ model is the following. When the conduc-
(i) the intergranular spin-polarized tunneling. The secondion band in the ferromagnet is partially polarized, the domi-
component produces a sharp drop in resistance at low fieldsant factor guiding the tunneling probability is the respective
and is dominant at temperatures much beldw whereas up and down density of staté®@OS) in the two grains. Inoue
the first component is dominant close To. In an earlier and Maekaw¥ had pointed out the difficulty in taking an
papef we have shown that the intergranular part in the magexponential factor in which the energy is of the order of
netoresistance can be distinguished from the intrinsic part bgxchange energy. Thus, the mechanism of spin-polarized
considering the field dependence of the magnetoresistanciansport in granular ferromagnets needs to be investigated in
The contribution from the intergranular spin-polarized tun-greater detail.
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Since the Hamiltonian involved with the tunneling process is
spin independent, the matrix elements correspondin@)to
and (d) should be proportional to c&@/2), and the matrix
element corresponding i) and (c) should be proportional

to sirf(#/2). The total transition probability of ugr down
spin for tunneling from grain 1 to grain 2 should also depend
on the initial and final DOS available to it in the two grains.
Thus, the total transition probabilities for the four processes

FIG. 1. Two neighboring ferromagnetic grains with magnetiza-
tion M, andM, making an angl& with respect to each other. In a
sufficiently large applied fieldd becomes zero, thus increasing the

tunneling probability of an electron from grain 1 to grain 2. In our will be

convention, the axis is along the magnetization direction of grain 2

1. T,xn?cos(6/2),
In this paper, we propose a model to understand the Tbochnlsinz( 0/2),

mechanism of spin-polarized tunneling in granular ferromag

nets. Section Il describes the theoretical model, while the TcochnisinZ( 012),

sample preparation and experimental procedures are given in

Sec. lll. In Sec. IV, we compare the predictions of the theo- Tdocnfcosz( 012).

retical model with the temperature and field dependence of

spin-polarized tunneling in LSt gMnO; (T.~370 K) and  The tunneling conductivitys(6), between the two grains at
Lag 5640p.1551.MNO3 (T~ 255 K). We also discuss the ap- angle ¢ involve the sum of all four processes. Thus,
plicability of this model to other granular ferromagnets.
a(8)<(nf+nf)cog(6/2)+2n;n sirf(6/2)
Il. THEORETICAL MODEL

or
In a granular ferromagnet in zero field, the magnetization

directions of the grains are randomly oriented due to the a(6)=(1/2)(n,+n)’[ 1+ PZcos], 3)
random orientation of their magnetocrystalline anisotropy

axes. Following Inoue and Maeka#hwe first derive an whereP=(n;—n)/(n;+n). When the magnetizations of
expression for the difference in the spin-polarized tunnelinggrain 1 and grain 2 are made parallel to each other by apply-
resistance between a configuration where the magnetizatidng a magnetic field, the conductivity becomes

of two grains are at an angk and that in which their mag-

netizations are made mutually parallel by the application of a o(0= o)oc(n%+ nf). (4)
magnetic field. Lein, andn, be the respective densities of

states of up and down spins at the Fermi level. We chooskn a real system with many grains and grain boundaries one
our z axis to be parallel to the magnetization direction ofhas to average over c@s Thus, the resistance change
grain 1(see Fig. 1 The up- and down-spin eigenstates are(ARs,) arising due to spin-polarized tunneling is propor-
defined asS,;T)=(3) and|S,;|)=(9), respectively. We tional to[1/a(8)—1/o(0)]. One important point to note is
define the spin eigenstates in grain 2/8;T) and|S,;|).  the prefactor 6;+n)? in Eq. (3). ARy is thus inversely
Using the Pauli rotation matriR(6), we can easily find the proportional to the square of the total sgispin uptspin

relation betweenS,;1]) and|S,;7]) from down) density of states at the Fermi levéd{) apart from its
dependence oR, the polarization of the conduction band.
1Se;T1Y=R(0)|S,;T1), As we shall show later, this can have very important impli-
(1) cations if the density of states Bt vary with temperature.
cog 0/2) —sin(6/2) In order to determine the temperature dependence of
where R(6)= sin(0/2)  cog0/2) | ARg, We require the temperature dependence;adndn, .
We use the ferromagnetic Kondo Hamiltonian proposed for
Hence, we obtain this system by Furukaw& **to calculate the up and down
DOS.
Sp: 1) =c0g0/2)|S,; 1) +sin(0/2)[S,; 1),
2
1Sg;1)=—sin(6/2)|S,;1)+cog 6/2)|S,; ). H=—t<i§;,> CLCJ-(,—JHZ oS, (5)
An electron can tunnel from grain 1 to grain 2 using one of
the following channels: wheret is the nearest-neighbor hopping energy of te
electrons andy is the local ferromagnetic Hund’s rule cou-
@ 1S:1)—1Se:1), pling between thee, electron spins and thet,y spin o; at

the ith site. In terms ofoe™=0**idY, o?, s =s*is’ we
(b)) |S;;T)—ISs: 1), can write
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J
H=-t> ¢ cjo— ?H > (o7s +oy st +207sh).
(i.j) [

(6)
We resort to a mean-field approximation in which i3
spin o is treated as a classical vector, i.e., the operators

z .

and o are replaced bg numbers: _uIo

o =A, a’fEA*, and of=B.

We also write thesy spin operators in terms of annihilation
and creation operators:

+_ 1 —_ At _ 1.t t
S =CiiCij, S =C|Ci, and s{=5(CjiCii— ¢ Ciy).

As a result, we get the following expression for the mean-
field Hamiltonian: 0<T<T,

HMF:_tZ CiTo-Cjtr 2 Ep

i %@
(b)

In
S EI [Aclci|+A*c] cij+B(cl e —cfici)].

()

Going over tok space by Fourier transforming according to

cly=2 Ck,e*" ®

1 T
- ’yk+ _BJH Cklckl

1 T
% 5B Gl T >

FIG. 2. A schematic diagram of the up and down densities of
: €) states at various temperaturéa) T=0, (b) 0<T<T,., and(c) T
=T,. Er shows the Fermi energy for the hole doped compound. At
Here yk:ter‘k'A where A is the nearest-neighbor vector. finite temperature, the spin eigenstates have a mixed character.
We can rewrite this as

Jn
- ?(ACITCM +A*cl )

and
Ck
HMF=2 (CETCEL)hk<C T),
K k| 1 0
where |T>:(0 and |l>:(1> (10
1 1
he— % 2B —2Ad At zero temperature the,y spin assumes a saturation
k —1A%), —y+ 1By ' value, soB/o=1, and as a result the ground statg ) has

purely up-spin character. The density of states corresponding

This 2x2 matrix is easily diagonalized to get the eigenvalueso T=0 is shown schematically in Fig.(&. For T>0,
as B/o<1 and as a result the ground state and excited state

. have mixed character:
M =32(=2%*Jho0),
where o?=of+ay+0;=|A]?+B% The corresponding N,(E)=x2N(E) and N (E)=y2N(E). (11)
eigenvectors are

-\ _ _ The up and down spin charactevﬁ, andy?, respectively,

= + )= - L K )
ud=xdD+vidl) and Ju)=yilT)=xil L), are both nonzero in this case, as shown in Fig).ZFinally,

where for T=T,, B vanishes, resulting ix2=yZ. This leads to
N(E) being an equal admixture of up and down spirss
, 1 B » 1 _ B shown schematically in Fig.(@). In our theory, the magne-
Xg=5l1+—=| and y=5|1——/, L 7
2 o 2 o tization of theey spin is
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FIG. 3. (a) Resistance versus temperature of 21, s;MnO; from 5 to 300 K in zero field and at 1 kOe where spin-polarized tunneling
is the dominant mechanism in magnetoresistance. The magnetoresistance is significant at low tempgbydageetoresistance versus
field isotherms for polycrystalline 1;gSr, sMnO; from 5 to 300 K. The sharp drop at low fields arises from spin-polarized tunneling at the
polycrystalline grain boundarie&) The total resistance drop due to spin-polarized tunnelinBg(,) is estimated by back extrapolating the
linear high-field slope and finding its intercept at zero fiétt). The magnetization versus field isotherms at different temperatures. The inset
shows the temperature variation of spontaneous magnetizatfigndalculated by back extrapolating the linear portion curve after technical
saturation. At 340 K the spontaneous magnetization is calculated from the linear portion of the Ar¢itt/potersusM?).

1 B
_ (2 2\ o
meg_ 2(Xk yk) - 20 . (12)
Therefore the total(spontaneoys magnetization isMg
=(B/20)+B=aB, where a=(1+1/20). We can thus
write xZ and yZ in terms of the reduced magnetizatiam,
=M(T)/M((T—0) as
x2=(1+m)/2 and y2=(1-m)/2. (13
Within our theory, the ratidN;(E)/N, (E) is independent
of energy. Thus, the up and down DOS at the Fermi lavel,
andn|, which appear in Eqg3) and(4) are proportional to
x2 andy?, respectively. Substituting E13) in the expres-
sion for spin-polarized tunneling conductivity in E¢8) and
(4), we obtain a relation betweeARg, and the reduced
spontaneous magnetization of the system:
ARge<[(1/o(6)) — 1o (0)]. (14
Here the conductivity in zero field, &(6), is averaged over
different values of co# for various grains. While fitting

AR, vs m data(see Sec. 1Y we have usedcod6)) as a
fitting parameter.

lIl. EXPERIMENT

Bulk samples of Lg;Sr, sMnO; were prepared by the wet
chemical route. Initially, a stoichiometric mixture of J@,
and Mn was dissolved in nitric acid and(B0O3), added to
it. The cations were coprecipitated as carbonates by adding
excess ammonium carbonate to the nitrate solution. This car-
bonate precursor was then heated at 1200 °C to obtain
single-phase  LgSrpMnO;. The bulk sample of
Lag 55H0g 1551 aMNO5 was prepared by the conventional
solid-state reaction route starting from the oxides of La, Ho,
and Mn and carbonate Sr. Stoichiometric mixtures of these
powders were ground for a few hours in a mortar in acetone
base and calcined at 1050 °C for 24 h. The calcined mixture
was then reground, pelletized, and sintered at 1450 °C for 30
h and then cooled to room temperature resulting in the single
phase. The addition of a small amount of Ho at the La site
brings T, down to 255 K!® making it possible to study the
spin-polarized tunneling up td. in conventional low-
temperature cryostats. Electrical measurements were carried
out on a rectangular bar shaped sam@enmx3 mmx15
mm) using the conventional four-probe technique. Magne-
toresistance measurements were made using a homemade su-
perconducting magnet up to fields of 3 T, in the temperature
range 5—300 K. Magnetization versus field isotherms were
measured on a Quantum Design superconducting quantum
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FIG. 4. The total resistance drop due to spin-polarized tunneling FIG. 5. Magnetoresistance versus magnetization isotherms of
(AR at different temperatures as a function of the reduced magl-.75%.MnO; at low fields(up to 1 kOg. The solid lines are the
netizationm=M(T)/M (5 K) (filled circles for Lay :St sMnO;. best fit to the relation MR(M/M)". Note that this relation pro-
The solid line is the theoretical best fit curfEqg. (14)] to the vides a good fit to the data over the entire temperature range.
experimental points. The best fit value @bs)) is —0.8788.

value of(cosd) is consistent with the fact that there are two
interference devicéSQUID) magnetometer up to a field of interactions governing the direction of magnetization of a

S5 T. grain: the easy axis which is random and tends to randomize
the direction of the magnetization, and the magnetostatic di-
IV. RESULTS AND DISCUSSION polar interaction between the grains which tend to favor an-
tiparallel alignment between grains.
A. Results on La 7S, MnO3 The assumption that(Eg) is constant as a function of

Figure 3a) shows the resistance versus temperature fotemperature has to be justified for colossal magnetoresistive
Lay /Sty sMNnO; in zero field and at an applied field of 1 kOe materials since many of these materials have a metal-
from 5 to 300 K. There is a significant magnetoresistance ansulator transition(or a transition from a good metal to an
low temperatures at this relatively low field from grain incoherent metaf) at temperatures close . The tem-
boundary origin. Figure ®) shows the magnetoresistance, perature evolution of(Eg) has been recently calculated by
MR=[R(H)—R(0))/R(0)], as afunction of the applied Biswaset al.from spin-polarized tunneling spectroscopy in a
field (H) from 5 to 300 K. We observe a sharp drop in thevariety of hole doped colossal magnetoresistive
MR at low fields and the magnitude of the drop decreasesnanganites! The common feature in all of them is that
with increasing temperature. This sharp drop is absent im(Eg) remains constant up to around T8 above which it
single crystals and epitaxial thin filrh%® and is therefore drops off rapidly and goes to zero just befdig. In the case
associated with the grain boundaries in polycrystallineof Lag ;SryaMnO; T, is around 370 K, which is much above
samples. At high field, the slope of this curve becomes althe temperature range in which we have fitted our data.
most linear. The slope increases with increasing temperature So far, we have been concerned with the total MR arising
and is identical to the nature of the MR Mscurves observed from spin-polarized tunneling, that is the total drop in resis-
in single crystals. This part of the MR can be ascribed to thdance due to spin-polarized tunneling after the technical satu-
Zener double exchange and arises from the intrinsic magneation in magnetization. We now investigate the MR versus
toresistance of the graifisTo find the total resistance drop M at low fields. This is the regime in which domain rotation
associated with the intergranular pakRs,) we extrapolate takes place, i.e., whefeos) is changing. The MR versud
back the linear high-field region to find its intercept at zerocurves at fields less than 1 kOe are shown in Fig. 5. These
field. This is schematically shown in Fig(c3 for the curve curves fit well with a phenomenological power-law behavior:
obtained at 5 K. Figure(8) shows the magnetization versus MRx(M/M;)", wheren<1. However, to fit these curves
field (M-H) data for the same sample from 5 to 340 K. Thewithin our model, we need to computeosd) as a function
inset shows the spontaneous magnetizatidn)(as a func-  of field, and this is beyond the scope of the present work.
tion of temperature calculated by back extrapolating the lin-
ear region of the curve beyond technical saturation.

In Fig. 4 we have plottedARg, as a function ofm B. Results on L 5410015570 MO,
=My(T)/M4(5K) along with the theoretical curveq. (14)]. Substitution of a smaller size rare-earth Ho at the La site
The proportionality constant in E¢L4) and{cosd) are taken in Lag Sty aMnO; results in a decrease of the ferromagnetic
as fitting parameters with the implicit assumption that thetransition temperature  T,.%° The Te for
total density of states &g [n(Eg)=n,+n ] is constant as Lag s8H0p 1551 sMnO; determined from the maximum in the
a function of temperature. This point shall be discussed idouble derivative of thé-T curve at 5000 O¢Fig. 6a)] is
detail in the next paragraph. We get the best fitfoos®) 255 K. The system has a metal-insulator transition around
=-0.8788, which corresponds t@~151.5°. The negative the same temperature. Figurépshows the magnetization
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FIG. 7. (8) ARy, as a function of temperature from 5 to 230 K;
the solid line is a guide to the eyéh) AR, as a function of the
reduced magnetizatiom=M(T)/M; (5 K); the dotted line is the
theoretical curve for constami(Eg) using Eg.(14) for (cosh)
=-0.63 and the solid line is a guide to the eye. Temperature

variation ofn(Eg) derived using Eqs(3) and(14).

of Versus fieldM-H) at various temperatures below up to a

field of 20 kOe. The spontaneous magnetizatibhl was
to 20 kOe at various temperaturés) Magnetoresistance as a func- d€términed by extrapolating back to zero the linear high-field
region of theM-H curve at low temperatures and from the

at various temperatures. The typical values of the parameters at 5 RITOt plot at temperatures close 1@ . Figure &c) shows the
MR (~[p(H)—p(0)]/p(0)~Ap/py) versus field at various

temperatures. To separate out the contribution due to spin-
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polarized tunneling we used a scheme developed eédier. shown in Fig. 7c). However, there could be a large error
was shown that the curve fitted well with an expression ofowing to the fact that the range over which the theoretical
the form curve can be fitted is very small. Closer data neawould
actually be useful to probe the effect ofEg) on ARgp.

The other interesting feature of this study is the vanishing
of ARS,%t at 230 K. It has been shown through tunneling
studies’ in Lag Py sMnO; that the DOS at the Fermi level
actually drops to zero befofE;. In the vicinity of T, a gap

f(k)=A exp —Bk?)+ Ck?exp(— Dk?), (15
where the first term gives the contribution from spin- opens up nedr . At present the details regarding the nature
of this gap are not yet known.

polarized tunneling and the other two terms give the intrinsic . :
contribution from Zener double exchange. The solid lines in We have thus .ShOVV” that the model of spin-polarized tun-
Fig. 6(c) show the fitted curve using this expression. Thenellng proposgd in this paper explains well the data on the
total resistance drop due to spin-polarized tunnelid@{,) half ~ metallic ~ feromagnet ~ LaSpMnO;  and

is given byR,A[H f(k)dk, whereR, is the zero-field resis- L8y 56400 1551 MNO; (with the underlying.,g Spins forming
tance and the p;rametelklsB C, D are taken from the fitted 2 localized magnetic lattice and tieg spins forming a po-

, i : ) I?rized conduction bandHowever, Egs(3) and (4) should
curve at that temperature. One interesting point to note is tha | I I h lar f .
we do not observe any contribution to the MR from spin-appy equally well to other granular ferromagnetic systems,
olarized tunneling in this compound at 230 K though The provided the evolution of the up- and down-spin density of
P g in this comp . ugn states with temperature is known. It might therefore be also
is around 255 K. The significance of this observation in con

text of the observations made by Biswessal. will be dis- interesting to investigate the nature of spin-polarized tunnel-
cussed later. Figure(& showsARgy as a function of tem-

ing in more conventional granular itinerant ferromagnets
perature. One normally expects this quantity to drop

within the realms of this model.
monotonically with temperature due to decreasing polariza-
tion of the conduction band. However, at temperatures close
to T¢, AR, shows an increase reaching a maximum before

H
MR —Af f(k)dk—JH—KH? with
0

V. CONCLUSION

dropping to zero. The same feature is observed whBg,

is plotted as a function ah[Fig. 7(b)], whereA Rq,; does not
decrease monotonically asis reduced but a broad hump is
observed.

case we are no longer justified in assuming th@Eg) is

constant over the whole temperature range since the me

surements are done at temperatures clos@to As dis-
cussed earlien(Eg) drops off rapidly as one approachgs.
The dotted line in Fig. (b) shows the typicalARg, as a
function of m derived from Eq.(14) with {cos#)~—0.63
whenn(Eg) is constant. This curve fits well at low tempera-
tures. However, as discussed in Sec. Il it follows from Eq
(3) that AR, is inversely proportional t9n(Eg)}.% Thus as

one approaches., AR, is enhanced due to the decrease in

n(Eg).t’
variation of n(Eg) by calculating the quantity

VA RUforetiedy AR(EPemeNtl - where ARgy (theoretical is

In summary, we have developed a mean-field model for
spin-polarized tunneling in granular itinerant ferromagnets.
The theoretical model provides a satisfactory fit for our data
on the temperature dependence of the magnetoresistance due
to spin-polarized tunneling in the half metallic ferromagnet
'Ea0_7Sro_3Mn03. It also explains the evolution of the magne-
toresistance due to spin-polarized tunneling in
13_2';10_5—,51—|00_15$r0_3MnO3 when the temperature dependence of
the total density states is taken into account. Further investi-
gations on other systems should provide a better understand-
ing of the transport mechanism in itinerant magnetic sys-
tems.
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