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Theory of tunneling magnetoresistance in granular magnetic films
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A mechanism for the large magnetoresistance observed recently in Co-Al-O granular magnetic films is
presented. It is shown that the resistivity decreases with increasing applied magnetic field because the spin-
dependent tunneling increases as the relative orientation of the magnetization between grains becomes parallel.
With this mechanism we are able to account for the dependence of the magnetoresistance on the magnetization
and temperaturd S0163-182606)50318-9

Magnetoresistance has attracted much attention after the e?
discovery of the giant magnetoresistari@&WR) in Fe/Cr G= F'T
multilayers? this has provided us with a magnetotransport
property in magnetic materials which has the potential forwheree is the electric charge and|? is the transmission
technical applications. Soon after the discovery of GMR incoefficient. Letd be the angle between the magnetizations,
magnetic multilayers, granular magnetic films, such asv; andM,, of two FM's. Then/

Co/Cu and Fe/Ag, were also reported to show GRfRhe

present authors have pointed out that the GMR’s in the mag- | T|?(1+ P%cosd)e™ 25, 2
netic multilayers and granular magnetic films can be

explained by basically the same mechanism, i.e., the spinvhere

dependent scattering at interfaééddowever, magnetoresis-

tance(MR) in the artificial layered structures was first ob- p— D;—D, ®)
served in ferromagnetic metal—insulator—meg@aM/I/FM) B D;+D,

junctions®’ where electrons tunnel through an insulating

barrier. The magnetoresistance in this case can be called tufind

neling magnetoresistand@MR). Although the TMR was

not large in early stages of experiments on k=~2m*(V—Eg)/#h2. 4
FM/I/EM junctions, a quite large TMR, 30% MR ratio at . . )
helium temperature, has been recently reported by Miyazakitere, D (o=1.1) is the density of states at the Fermi en-
and Tezuk&, and Mooderzet al® ergy Eg for electrons with spirr, ands, m*, andV are the

In both GMR and TMR, the resistivity decreases as thehickness of the barrier, the effective mass of electrons, and
relative orientation of the magnetization between graindarrier height, respectively. We have used the joint density
changes with increasing external magnetic field. The comof states,P?, in Eq. (2) for the tunneling matrix element
mon feature of GMR and TMR in spite of the structural according to several theoretical works on phenomena related
contrast between these materials, i.e., layered vs granul$® SPin polarization in ferromagnetic metdf; ' although
structures, allows us to anticipate that TMR appears in somi1€ result(2) may be modified for FM/I/FM junctions ik is
granular materials. In fact, MR of the tunneling type hashot larger than the Fermi wave vectoks,andk .*® Another
been recently observed in highly resistive Co-Al-O granulareason for adopting the expressi@ for the TMR in granu-
magnetic filmst® The fact that the conductivity in these ma- lar films is that the large MR ratios observed recently for
terials is produced by tunneling through insulating barrierfFM/I/FM junctions can be semiquantitatively explained by
between Co grains has been confirmed by the non-Ohmithe joint density of state®® Further discussions on this point
character of the resistivity and its temperature dependenciill be given at the end.

i.e., IppxT~Y2 Shenget al!* have explained the character-  The MR ratio is defined as

istic dependence of the resistivity on temperature in terms of

the tunneling of electrons between grains. Based on the same _G(0)"'=G(H)™t  G(0)
picture, Helman and Abel&presented a theory of MR in Rvr= G(0) ! T G(H)’
granular magnetic films, and showed that the MR ratio de-

pends strongly on temperature asl.1However, the MR whereG(H) is the conductance in an external magnetic field
ratio in Co-Al-O films is only weakly temperature depen- H. When the angl® is varied froma to O by an external
dent; therefore the theory of Helman and Abeles is not abldield, the MR ratio for FM/I/FM junctions is R%/(1+ P?).

to account for the TMR in Co-Al-O films. The purpose of  The tunneling mechanism can hold true even for the bar-
this paper is to present an alternative explanation of the TMRiers between grains in the granular films. Becadsand s

in the granular magnetic films that is based on the mechaare randomly distributed in granular films, we must take an
nism of the TMR in FM/I/FM junctions. average over these quantities. Furthermore, as pointed out by

In the FM/I/FM junctions, the tunneling conductar@es  Shenget al,*! the charging energyE., becomes important
given by? for tunneling in granular films; therefore another factor

2, @

®
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e E/T is added to the expression of the conductance. Tak-
ing into account the factors mentioned above, the conduc-
tance may be written as

0.6 T T T T T T T T

0.5
G=Gof fdsd&f(S)g(G)(H P2cog)e 2xS~ Ec/kT,
(6) 0.4

where G, is the conductance wheR=0, and f(s) and o . R |
g(0) are distribution functions. One should note the differ- = 0.3 Y ot 7
ence between Ed6) and the expression used for the con- i 7
ductance by Helman and Abel&sThey included a factor of 02} -
e“Em/kKT "which is due to a contribution to the hopping en- I
ergy from the magnetic enerdyy, . This factor is neglected

becauseE,, /kT is quite small as compared #®,/kT. In- 0.1r i
stead, we have taken into account the angular dependence of i

the tunneling matrix element which plays a crucial role in the 0.0 1
tunneling conductance. At the end, we will also give a de- 00 02 04 06 08 10
tailed discussion on the neglect of the contribution from P

En.
As the exponential factor in E@6) is independent of,

. FIG. 1. Dependence of the saturated MR ratio as a function of
the average oveé leads to{cosd); however, we should be P=(D,—D,)/(D;+D,). The inset shows théi dependence of

careful _abOUt_the definition of and its average. When the the resistivity changd p/p for P=0.3 when the superparamagnetic
magnetic grains behave as superparamagnets, the relati Bite is assumed.
angle 6 between grains can only be defined for tunneling

events that occur in a period of time which is much shorter

than the characteristic period of the thermal fluctuation of thénagnetic state changes. Fujimetial™ have reported that
magnetic moments of the grains. In this case, the averagée Co grains behave as superparamagnets abd@o K;

over § means either an average 6fbetween one pair of therefore, the MR ratio depends only weakly on temperature
grains over a period of the thermal fluctuation, or an averagérough the Langevin function. If a phase transition to a fer-
over 6 of all pairs of grains. When the magnetic grains haveromagnetic state occurs at low temperature, the MR ratio
stable magnetic moments, e.g., like spin glagsescluster ~would decrease as the magnetic field is unable to reorientate
glassey 6 can be defined as usual and the average is takelifle magnetic moments of the grains.

over @ of all pairs of grains. For both cases the average In Fig. 1, the dependence d? of the saturatedrg=1)
(cosd) is MR ratio P?/(1+ P?) is shown. The observed MR ratio cor-

) responds to a value ¢~ 0.3, which may not be unreason-
(cosp)=m?", (7)  able for ferromagnetic Co when compared with the experi-

wherem is the relative magnetization of the system, and Wemental results of the polarization of conduction electrbns.

have neglected the correlation between magnetic moments i€ inset shows a calculated result of the resistivity change
neighboring grains. Aplp as a function ofuH/kT= ¢ by assuming tham obeys

The average oves is taken according to the approxima- the Langevin functior. (&), which is also in agreement with
tion used by Shengt all! They assumed that the product the experimental results at high temperatures where super-

SE, is a constanC, and furthermore they used the steepestparamagnet'fm IS obhserved. . din th ;
descent approximation, i.e., that tunneling occurs via paths NOW We discuss the assumptions used in the present for-

which makes the exponential factor largest. The final resulf?2lism; one is the assumption thatis larger thark, and
of the conductance is given as the other is our neglect of the magnetic enekgy. For the

first assumption, we note that tunneling occurs between
G=Gy(1+ P2m?2) g~ 2\2«C/KT (8) grains and probably is local in character; therefore all of the
Fermi momentum vectors may contribute to the tunneling of
The exponential factor dominates the temperature depermlectrons andk, should be taken as an average of these
dence of the resistivity; this explains why the observed datd&ermi momenta. Thereford) , may be more appropriate
goes as Ip=T™Y2 The MR ratio (5) is given as thank, to represent the tunneling phenomena in granular
P2m?/(1+ P?m?)~P?m? for small values ofP, which is  films. It is worthwhile to note that the high MR ratios ob-
proportional tom? and becomesP? for sufficiently high  served recently for FM/I/FM junctiofis ® have been ex-
magnetic fields. These results explain well the observed dafglained reasonably well by the values Bf of Fe and Co
on magnetic granular film®,i.e., them? dependence of the metals, although the barrier height for &5, 1-3 eV}’
MR ratio and the weak temperature dependence. The maxinay not be sufficiently high as compared with the Fermi
mum MR ratio 7.8-8.8 % observed for Co-Al-O films is energy~1 eV for conduction electrons. Furthermore, it is
smaller than the value for FM/I/FM junctions by a factor of not evident that the relation between the MR and the ratio of
289 /k, obtained for FM/I/FM junction® can be applied to the
Because the MR ratio depends arf, the temperature TMR in granular films, because the translational symmetry
and magnetic field dependence of MR ratio varies as thalong interfaces is lost in the granular films.

IlO
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In order to discuss the second assumption, we first incorboth charging and magnetic energies. In order to estimate the
porate the magnetic enerdyy, into the present formalism value of Ey, we considerEy, as the energy to reverse the
following the argument of Helman and Abef&sin their  direction of one spin without changing the number of elec-
formalism,Ey, is defined as the difference between the mag+rons in the grain. The energy may be given as the Zeeman
netic energies of an electron as it tunnels from grain 1 taenergy of one spin in a magnetic field. by which the
grain 2. When the spin of the tunneling electron is par-magnetization of the grain is increased bygl Assuming
allel (antiparalle} to the magnetization of the grain 1, but {hat the high field susceptibility of Co grains is similar to that
aQtElpr;\I(r?IIel E(p/ﬂal_leb to that of grain 2, a factor ffe Co, or Ni metal which i§€1—3x 10~* emu/mol*® we
e “v™ (e"= ™) is added to the expression of the conduc-oainH s at most 10 T when the number of atoms in Co

tance. Because we use a local axis of spin quantization foérains is 18-10". The Zeeman energy is them0.3 meV
each grain, tunneling of an electron can occur betwieand which is irrelevant for temperatures higher than 4.2 K.

above mentioned. faciors- /AT ino-our formalism. the. . FITalY, in the present formalism, wide distibutions of the
term (1+ P2cosf) in Eq. (6) is replaced by ' size of grains and intergrain distance have been implicitly
assumed to validate the assumption &t is constant. Al-
a%cog(0/2)+a(1—a)sirt(g/2)e Em/kT though no clear evidence has been given so far to justify this,
_ - ) with this assumption Shenet al!! have explained the ob-
+(1-a)asi?(9/2)e™ T+ (1-a)’cos(0/2), served temperature dependence in highly resistive granular

with a=D;/(D;+D,). Then, the conductance is given as films quite well. It may be possible to interpré; as the
charging energy of a condenser made by two grains in the

Em tunneling event. In this case the assumption gt is con-
Goclt2a(1-a)| coshr 1) stant can be reasonably understood. However, further experi-
mental studies using well-controlled samples as well as theo-

Ew
costﬁ -1

from which we find that thé&,, term gives always positive
MR. This positive MR is dominant at low temperatures be_terms of a dependence of the tunneling matrix element on the
cause of the factor ofeEM’T in Eq. (9). The term P 9

o ! . relative orientation of magnetic moments between grains.
coshEw /kT) also exists in the expression obtained by Hel'.The mechanism is able to account for the obsemgdde-

man and Abel'es. In their exprgssipn, there is a term which If)endence of the MR ratio and its weak temperature depen-
a linear function of the polarization of the tunneling elec- dence

trons, from which the negative MR appears. On the other

hand, the conductane& given by Eq.(9) is an even function The authors acknowledge useful discussion with Profes-
of the polarization of the tunneling electrons as it should besor Fujimori and Dr. Mitani, and thank Professor P. Levy for
Because no positive MR has been observed so far above 4tRe critical reading of the manuscript. The work is supported
K at least!® E,, must be very small. ThereforE,, cannotbe by United Kingdom—Japan Joint Research Project by Japan
the exchange energy, which is large as compared with th&ociety for Promotion of Science and a Grant-in-Aid for Sci-
helium temperature. When an electron is added to a magnet@ntific Research from Ministry of Education, Science and
grain, the Coulomb interaction between electrons increaseSulture of Japan.

+{P?-2a(1—a)

sz, 9) retical study of tunneling phenomena in heterogeneous
systems are necessary.

In conclusion, the origin of the magnetoresistance in

granular magnetic films of Co-Al-O can be explained in
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