
PHYSICAL REVIEW B 1 DECEMBER 1997-IIVOLUME 56, NUMBER 22
Tunneling giant magnetoresistance in heterogeneous Fe-SiO2 granular films

S. Honda, T. Okada, and M. Nawate*
Physical Electronics, Faculty of Engineering, Hiroshima University, 1-4-1 Kagamiyama, Higashi-Hiroshima 739, Japan

M. Tokumoto
Electrotechnical Laboratory, 1-1-4 Umezono, Tsukuba 305, Japan

~Received 4 August 1997!

Magnetic and transport properties are examined for heterogeneous Fe-SiO2 granular films prepared on glass
substrates by rf sputtering. The superparamagnetic nature and the tunneling giant magnetoresistance are ob-
served in the films having Fe volume fractions smaller than 45%. The magnetization and magnetoresistance
~MR! curves are systematically analyzed by the summation of two Langevin functions. The dependence of the
MR ratio on the Fe volume fraction is explained phenomenologically by the distance between the nearest-
neighbor grain surfaces. The temperature dependence of the MR ratio is also discussed.
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I. INTRODUCTION

There has been extensive interest in magnetoresist
after the discovery of the giant magnetoresistance~GMR! in
Fe/Cr multilayers,1 and subsequently in magnetic heterog
neous alloys with ferromagnetic granules embedded i
nonmagnetic metallic matrix.2 The mechanism of GMR is
believed to be based on spin-dependent scattering. A sim
magnetoresistance~MR! was observed early in granular me
als embedded in insulators, such as Ni-SiO2 ~Refs. 3 and 4!
and Co-SiO2,

5 and in artificial layered structures of ferro
magnetic metal-insulator-metal junctions.6 In these cases, th
MR has been interpreted to be due to spin-dependent tun
ing. Recently, a quite large MR has been observed
Fe/Al2O3/Fe~Ref. 7! and CoFe/Al2O3/Co or NiFe junctions,8

and in Co-Al-O granular magnetic films,9 and it is called
tunneling GMR.

In a previous paper,10 we discussed the magnetoresistan
in Fe-SiO2 multilayers which had the thickness ratio betwe
Fe and SiO2 layers ranging from 1.0 to 1.2. The largest M
ratio of 3.6% was obtained at room temperature in a film
2 Å Fe layer thickness, and the temperature dependenc
the MR ratio was weak. The weak temperature depende
was consistent with the theory given by Inoue a
Maekawa.11 On the other hand, Helman and Abeles repor
that the MR ratio in Ni-SiO2 and Co-SiO2 heterogeneous
granular films changed proportionally to the inverse of te
perature, and they discussed their results theoretically.4 In
this paper, we will discuss the composition and tempera
dependences of MR ratio in Fe-SiO2 heterogeneous granula
films.

II. EXPERIMENT

Heterogeneous granular Fe-SiO2 films were prepared on
glass substrates by rf sputtering at 10 mTorr Ar gas pres
from a composite target consisting of an Fe plate pla
asymmetrically on a SiO2 disk.12 The asymmetry in targe
composition brought the gradient in the film compositio
and then we could simultaneously obtain the samples of v
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ous compositions on a substrate with a single sputte
run.12 The film thickness ranged from 2300 to 4000 Å. W
measured the atomic compositions of Fe and Si in the fi
by Rutherford backscattering spectroscopy, and calcula
the volume fraction of Fe,x, assuming that the densities o
Fe and SiO2 were the same as bulk values; 7.86 a
2.22 g/cm3, respectively.

The crystalline structure was examined by the x-ra
diffraction method with CuKa radiation and the film struc-
ture was observed by transmission electron microsc
~TEM!. The magnetic properties were measured at ro
temperature~RT! with a vibrating sample magnetomete
The magnetoresistance~MR! was obtained using the d
method with in-plane fieldH; the maximum fieldHm was 15
kOe for the data at RT and 9 kOe for the temperature dep
dence of MR.

FIG. 1. X-ray-diffraction patterns for the Fe-SiO2 films having
various volume fractions,x’s, measured with CuKa radiation. The
vertical solid line indicates the peak position corresponding to
~110! planes of bulk Fe. The value ofD means the size of Fe
granules evaluated from the~110! peak width.
14 566 © 1997 The American Physical Society
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III. RESULTS AND DISCUSSION

A. Crystalline structure and magnetic properties

Typical x-ray-diffraction patterns are shown in Fig. 1 f
various Fe volume fractionsx’s. The bcc Fe~110! peak ap-
pears at 2u544.5° for largerx. With decreasingx, the peak
intensity weakens and the width broadens, indicating that
Fe grain size becomes smaller; from about 95 Å forx
50.64 to about 64 Å forx50.52, which were evaluate
from Scheller’s formula. Forx,0.40, the peak intensity be
comes too small to be detected. Figure 2 shows the T
images for the films of~a! x50.16 and~b! 0.29. In this
figure, we can clearly observe the isolated Fe granu
whose diameter is distributed between 10 and 25 Å.

Because the granules are small and isolated, the mag
zation curves exhibit the superparamagnetic nature, nam
show nonhysteresis and unsaturation characteristics as
cated in Fig. 3. This is consistent with the Mo¨ssbauer spectra
reported by Mitaniet al.13 The susceptibility at zero field
increases withx, because of the increase in the size of the
granules.

The saturation magnetizations at RT obtained from
values at 15 kOe are plotted in Fig. 4 by open circles.
x>0.45, the data fit well on the solid linear line indicatin
that the Fe grains have the same saturation magnetizatio
Fe volume fraction as purea-Fe bulk, 1714 emu/cm3. This is
consistent with the Mo¨ssbauer spectra for largerx.13 For x
<0.43, the data points are slightly smaller than the solid li

FIG. 2. TEM images of the Fe-SiO2 films with ~a! x50.16 and
~b! x50.29.
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This is probably due to the unsaturation at 15 kOe relating
the superparamagnetic nature, or the existence of the m
netically dead granules. Here, the solid circles indicate
magnetization values extrapolated toH5` using Eq. ~1!
given below@see Fig. 6~a!#. The extrapolated values also a
smaller than the solid line, suggesting the latter.

The magnetization curves exhibiting the superparam
netic nature forx<0.43 can be well expressed by the sum

FIG. 3. In-plane magnetization curves for various volume fra
tions,x’s, measured at room temperature.

FIG. 4. Saturation magnetizationMs defined from the magneti-
zation values at 15 kOe in-plane field as a function ofx. The open
circles are the experimental data measured at room temperature
the solid circles are the values extrapolated toH5` using Eq.~1!.
The solid line indicates that the magnetic moment per Fe volu
MFe is constant to be 1714 emu/cm3.
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14 568 56S. HONDA, T. OKADA, M. NAWATE, AND M. TOKUMOTO
mation of two Langevin functions, indicating that the gra
size is distributed around two groups of the smaller a
larger ones. Figure 5 shows an example; the analysis in
experimental magnetization curve forx50.26 using two
Langevin functions. Here, the open circles indicate the
perimental data and the solid curve is the calculations of
following equation:

M ~H,T!5MS
s@coth~mSH/KT!2~kT/mSH !#

1ML
s@coth~mLH/KT!2~kT/mLH !#

5MS
sLS~H,T!1ML

sLL~H,T!, ~1!

where the subscriptsS and L mean the smaller and large
grains, respectively, andMS

s andML
s are the saturation mag

netizations,mS and mL are the magnetic moments of un
magnetic cell of the smaller and larger granules, respectiv
T is the temperature, andk is the Boltzmann constant. Th
broken lines indicate each term of Eq.~1! with MS

s

5203 emu/cm3 and mS52620mB and ML
s5142 emu/cm3

and mL512 500mB . From the values ofMi
s and m i ~i 5S

andL!, the number ofS andL granules per unit volume ar
evaluated to be NS58.431018 cm23 and NL51.2
31018 cm23, respectively.

From the x-ray diffraction and Fig. 4, we can suggest t
the superparamagnetic grains are bcc crystalline struc
and they have the magnetic moment of 2.22mB per Fe atom.
Then, the volume of each grain,Vi ~i 5L or S! can be esti-
mated by the relation,Vi5m i /2.22mBa0

3/2, where a0

52.87 Å is the lattice constant of bcc Fe. Assuming
spherical grain structure, the grain radii are given
r i5@Vi /(4p/3)#1/3. In Fig. 5, r S>14.9 Å andr L>25.1 Å
are obtained, and they indicate that the size of Fe grain
distributed around 14–25 Å, consistent with the TEM obs
vations~Fig. 2!.

Thus, we can estimate the values ofMS
s andML

s for vari-
ous x’s as plotted in Fig. 6~a! by the squares and the tr
angles, respectively. The solid circles indicate the sums
MS

s plus ML
s , namely the total saturation magnetization

which are plotted also in Fig. 4 by the solid circles. T
calculated values are slightly smaller than the solid line,
dicating the existence of the magnetically dead granules
cause of too small size. Combing the calculated values ofMi

s

and m i , the number of grains per unit volumeNi and the
radiusr i are calculated as plotted in Figs. 6~b! and 6~c!. In

FIG. 5. Experimental and calculated magnetization curves
x50.26. The circles indicate the experimental data. The solid
broken lines are the calculated values of Eq.~1! for total andS and
L components, respectively.
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Fig. 6~a!, the volume fractionNiVi , which is proportional to
Mi

s , is scaled also at the right-hand vertical axis. As fou
from Fig. 6~a!, the volume fraction of theL granules in-
creases linearly withx, while that of theS granules shows
the maximum atx'0.17 and then decreases gradually w
increasingx. This means that the number ofS granulesNS
has the maximum atx'0.17 and decreases remarkably wi
increasingx above 0.2, while that of theL granulesNL
shows the slight dependence onx, as found from Fig. 6~b!.
On the other hand, the value ofr S depends weakly onx:
10–15 Å, whiler L increases withx from 15 Å atx50.1 to
55 Å at x50.45.

B. Tunneling effect and magnetoresistance

The resistivity at zero fieldr~0! increases logarithmically
with decreasingx as indicated in Fig. 7, where the data agr
well with the results of Ref. 13. Here, we can see the disc
tinuous increase at aroundx50.45, at which the mechanism
of the electrical conductivity is changed. As shown in Fig.
at the threshold point aroundx50.45 the sign of the tem-
perature coefficient of resistivity~TCR! changes. Forx
>0.50, the TCR is positive indicating the metallic condu
tivity, while for x<0.45 it becomes negative suggesting t
nonmetallic conductivity such as the amorphouslike, se
conductorlike or the tunneling conductivity.

r
d

FIG. 6. Analyzed data using Eq.~1!; ~a! Magnetizations,MS
s

and ML
s , or volume fractions,VSNS and VLNL , ~b! densities of

grains,NS andNL and ~c! radii of grains,r S and r L , for S andL
granules, which are plotted by the squares and the triangles, res
tively. In ~a!, the solid circles and the solid line indicate the tot
magnetizations extrapolated toH5` and the value of
MFe51714 emu/cm3, respectively.
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The tunneling conductivity in the films of granular meta
embedded in the insulator has been discussed by Helman
Abeles4 and Sheng, Abeles, and Arie;14 the temperature de
pendence ofr~0! is given by

r~0!5a expH 2A c

kTJ , ~2!

FIG. 7. Resistivity measured at room temperature with zero fi
r~0! as a function ofx. The solid circles are data after Ref. 13.

FIG. 8. Temperature dependences ofr~0! for various volume
fractionsx’s.
nd

wherea is the constant, andc is the activation energy pro
portional to both the tunnel-barrier thickness and the cha
ing energy of the metallic grain. The experimental data of
relation betweenr~0! and 1/T1/2 are plotted in semilogarith-
mic scale in Fig. 9. These data show the nonlinearity, in
cating that the other effect is included as well as the tunn
ing effect.

Figure 10 shows that the data fit well on the followin
relation instead of Eq.~2!;

1

r~0!
5

1

r t
expH 22A c

kTJ 1
1

rc
, ~3!

where 1/r t and 1/rc are the constants. In Fig. 10, the circle
indicate the experimental data forx50.26 and the solid line
indicates Eq. ~3! with 1/r t50.13 V21 cm21, 1/rc52.2
31024 V21 cm21 andc50.08 eV. The cause of 1/rc is not
clarified at present, but it probably corresponds to the le
conductivity.

By fitting the experimental data to Eq.~3!, we can obtain
the constants 1/r t , 1/rc , andc as a function ofx. They are
plotted in Figs. 11 and 12. The values of 1/r t show the good
coincidence with those of Ni-SiO2 granular films.15 Further-
more, the data forc agree well with the values for Co-SiO2,

5

d

FIG. 9. Relationship betweenr~0! and 1/T1/2 for variousx’s.

FIG. 10. Temperature dependence of 1/r~0! for x50.26. The
circles are the experiments and the solid line indicates Eq.~3! with
1/r t50.13V21 cm21, 1/rc52.231024 V21 cm21, and c
50.08 eV.
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Au-Al2O3,
15 W-Al2O3,

15 and Pt-SiO2,
15 and they fit well on

the solid line of the theoretical relation;

c5h
@~p/6x!1/321#2

@~p/6x!1/321/2#
~4!

with h51 eV.15

The magnetoresistance~MR! curves measured at RT wit
in-plane fields for the same films as Fig. 4 are shown in F
13, where 2Dr(H)/r(0)52@r(H)2r(0)#/r(0) and
r(H) is the resistivity at fieldH. Similarly to the magneti-
zation curves of Fig. 4, the MR curves exhibit the nonh
teresis and unsaturation characteristics. Asx increases, the
field sensitivity at lower fields increases corresponding to
increase in the susceptibility at around zero field, and the
ratio for Hm515 kOe increases up to about 3.6% atx
50.37.

If the tunneling occurs mainly between the neare
neighbor grains which are equal or nearly equal in size,4 the
conductivities measured at temperatureT with fields H and
0, s(H,T) ands(0,T), are given by

s~H,T!5sS~H,T!1sL~H,T!,
~5!

s~0,T!5sS~0,T!1sL~0,T!.

Here, the subscriptsS andL mean that the tunneling occur
betweenS granules orL granules only. Then, the MR ratio a
the fieldH is calculated as

FIG. 11. Values of the constants 1/r t ~open circles! and 1/rc

~squares! versusx. The solid circles are the data for Ni-SiO2 ~Ref.
15!.

FIG. 12. Activation energy for tunnelingc as a function ofx.
Here, the data for Co-SiO2 ~Ref. 5!, Au-Al2O3 ~Ref. 15!, and
W-Al2O3 ~Ref. 15!, are plotted also. The solid line indicates Eq.~4!
with h51 eV.
.

-

e
R

-Dr~H,T!/r~0,T!5
r~H,T!2r~0,T!

r~0,T!
5

s~0,T!2s~H,T!

s~H,T!

5
sS~H,T!

s~H,T! FsS~0,T!2sS~H,T!

sS~H,T! G
1

sL~H,T!

s~H,T! FsL~0,T!2sL~H,T!

sL~H,T! G
'GS~T!

DrS~H,T!

rS~0,T!
1GL~T!

DrL~H,T!

rL~0,T!
,

~6!

wherer(H,T) and r(0,T) are the resistivities measured
temperatureT with in-plane fieldsH and 0, andGS(T) and
GL(T) are the constants. In the granular films, the tunnel
probability is related to the angle between the magnetic m
ments of the nearest-neighbor granules and then it is pro
tional to the square of the magnetization;}Li

2(H,T),
( i 5S,L). Therefore, from Eq.~6! the apparent magnetore
sistance is given by

Dr~H,T!/r~0,T!52AS~T!LS
2~H,T!2AL~T!LL

2~H,T!,
~7!

where LS(H,T) and LL(H,T) are the Langevin functions
given in Eq.~1!, andAS(T) andAL(T) are the MR ratios for
Hm5` arising from the smaller and larger grains, respe
tively.

FIG. 13. MR curves measured at room temperature for vari
x’s. The vertical axis indicates the values of2Dr(H)/r(0)5
2@r(H)2r(0)#/r(0) or the resistivityr(H) at the fieldH.
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56 14 571TUNNELING GIANT MAGNETORESISTANCE IN . . .
The MR curves can be analyzed using Eq.~7!. Figure 14
shows an example for the analysis of the MR curve of F
13~b!, where the experimental data are plotted by the o
circles. The solid line indicates Eq.~7! using the same pa
rameters as those obtained by the analysis in Fig. 5.
found that the good agreement is obtained between the
periments and Eq.~5!. In Fig. 14, the broken lines are th
calculations of each term of Eq.~7!, namely the MR curves
arising from theS andL granules, respectively.

The MR ratio measured at RT withHm515 kOe, @r~15
kOe,RT!2r~0,RT!#/r~0,RT!, is plotted by open circles in
Fig. 15~a! as a function ofx. The maximum value of abou
3.6% is obtained atx'0.37. Forx.0.37, the MR ratio de-
creases rapidly with increasingx. Here, the solid circles in-
dicate the results analyzed by using Eq.~7!. The good agree-
ment is obtained between the experimental data and
calculations. In Fig. 15~a!, the calculated values of the MR
ratio for each component inHm515 kOe are shown also. In
x<0.37, the values ofS component show the weak depe
dence onx, while those ofL component decrease with de
creasingx. Thus, thex dependence of the total MR ratio
dominated by theL component. The calculated values f

FIG. 14. Experimental and calculated MR curves forx50.26.
The open circles indicate the experimental data, and solid and
ken lines indicate the calculations of Eq.~7! for the total andS and
L components, respectively.

FIG. 15. Analyzed data of MR ratio using Eq.~7! for the S
component~squares!, L component~triangles!, and the total values
~solid circles! as a function ofx for ~a! Hm515 kOe and~b! Hm

5`. The open circles in~a! indicate the experimental data.
.
n

is
x-

he

Hm5`; AS , AL , andAS1AL are plotted in Fig. 15~b!. The
x dependences ofAS andAL in x<0.37 are similar to those
of MS

s and ML
s , or NS and NL presented in Fig. 6, respec

tively. Therefore, the changes inAS and AL are probably
related to thex dependences of the granular densities or
distances between nearest-neighboring grain surfaces.

We have calculated the separate distances,SS and SL ,
assuming that the each grain populates independently.
calculated values of 1/SS and 1/SL are shown in Fig. 16~a! as
a function ofx. It is found that the behaviors of 1/SS and
1/SL are similar to those ofAS andAL . This suggests that the
MR ratio is a function of the separate distance betwe
nearest-neighbor grain surfaces as replotted in Fig. 16~b!.

On the other hand, the decrease in both values ofAS and
AL in x.0.37 is closely related to the drastic decrease
r~0! at aroundx50.37~see Fig. 7!. In other words, the mag
netoresistance arising from the tunneling effect becom
smaller in the range ofx.0.37 because of the percolatio
effect.

C. Temperature dependence of the magnetoresistance

The temperature dependence of the MR ratio measu
with Hm59 kOe is shown in Fig. 17 for variousx’s. In the
range ofx>0.37, the temperature dependence is very we
while the MR ratio forx,0.33 increases when temperatu
decreases to a critical point indicated by an arrow, follow
by weak temperature dependence or the decrease. The
cal point shifts to lower temperature with decreasingx, sug-
gesting that its point corresponds to the blocking tempera
TB .

An example for the temperature dependence of the m
netization curve in the film ofx50.22 is shown in Fig. 18
which were measured using superconducting quantum in
ference device. The curves at 60 K@Fig. 18~a!# are well
expressed by Eq.~1! using the same parameters as those

o-

FIG. 16. ~a! Inverse of the separate distances between g
surfaces, 1/SS and 1/SL , for theS andL components as a function
of x, and~b! relation betweenDr~`!/r~0! and 1/SS or 1/SL .
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RT; MS
s5149 emu/cm3, mS51089mB , ML

s5170 emu/cm3

andmL54970mB , suggesting the superparamagnetic nat
above 60 K, orTB to be lower than 60 K. However, th
curve at 4.2 K@Fig. 18~b!# exhibits the hysteresis, indicatin
the ferromagnetic nature. Here, the magnetization value a
kOe is higher than the value ofMS

s1ML
s5320 emu/cm3 by a

factor of about 1.5. This larger value might arise from t
magnetizations of small granules which are magnetic
dead at higher temperature, and from the paramagnetic c
ponent of glass substrate which is diamagnetic at higher t
perature. The MR curves for the same film as Fig. 18
presented in Fig. 19 for several temperatures. These fig
indicate that in the temperatures higher than 60 K orTB the
MR curves fit well on Eq.~7! with the same parameters a
those at RT, while belowTB the agreement between the e
perimental curves and Eq.~7! is weak because of changing
the magnetism. In these figures, the coefficientsAS and AL
are given for each temperature.

FIG. 17. Temperature dependence of the MR ratio inHm

59 kOe, Dr~9 kOe!/r~0!, for variousx’s.

FIG. 18. In-plane magnetization curves of the film withx
50.22 measured at~a! 60 K and~b! 4.5 K. In ~a!, the open circles
are the experimental data and the solid line indicates the calc
tions of Eq. ~1! with MS

s5149 emu/cm3, mS51089mB . ML
s

5170 emu/cm3 and mL54970mB , which were obtained from the
magnetization curve measured at room temperature. In~b!, only the
experimental curve is shown.
e

30

y
m-

-
e
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Thus, the values ofAS(T) andAL(T) can be evaluated fo
various temperatures. The data and their sum are plotte
Fig. 20~a! for the same film as Fig. 19. Here, the experime
tal data forHm59 kOe are plotted also by the open circle
As found from Fig. 20~a!, the temperature dependence

la-

FIG. 19. MR curves at various temperatures for the same film
Fig. 18 (x50.22). The open circles and the solid lines indicate
experimental data and the calculations of Eq.~7!, respectively. In
the calculations, the same parameters as those in Fig. 18~a! were
used.

FIG. 20. Temperature dependences of the MR ratio for~a! x
50.22 and~b! x50.26. The solid circles, squares, and triangles
the calculations for the total,S andL components of the MR ratio
in Hm5`, respectively, and the open circles are the experime
data in Hm59 kOe. The solid lines indicate the relation o
Dr(`)/r(0)}1/T.
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AS(T) is very weak, consistent with the theory proposed
Inoue and Maekawa.11 However, theAL(T) depends strongly
on temperature; with decreasing temperature, theAL(T) in-
creases slightly until 150 K and then decreases rapidly
zero. The decrease inAL(T) is probably caused by the in
crease in the exchange interaction between the nea
neighbor granules. This interaction suppresses the ran
orientation of the magnetic moment at zero field, resulting
the low resistivity at zero field and also lowering the M
ratio. For higher temperature, theAL(T) approximately fol-
lows the relation proportional to 1/T, which was given by
Helman and Abeles,4 and which is indicated by the solid
line.

Another example is shown in Fig. 20~b! for x50.26. In
this case, theAS(T) increases with 1/T below 150 K, while
its value above 150 K is almost constant. Thus, the low
temperature values ofAS(T) and the higher temperature va
ues ofAL(T) agree well with the relation of 1/T. However,
the lower temperature values ofAL(T) decreases to zero
with temperature similarly to Fig. 20~a!.
s
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y
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st-
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r

IV. CONCLUSION

We examined the magnetic and transport properties
heterogeneous Fe-SiO2 granular films. The superparamag
netic nature and the tunneling GMR appeared forx<0.45.
The magnetization and MR curves were systematically a
lyzed by two Langevin functions, assuming the granular s
was distributed around two mean values, the smaller a
larger radii r S and r L . The x dependence of the MR ratio
was explained phenomenologically by the distance betw
the nearest-neighbor granular surfaces. The temperature
pendence of the MR ratio was very complex; the MR ra
changed with 1/T at lower temperatures for the smaller gra
ules and at higher temperatures for the larger granules.
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