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Tunneling giant magnetoresistance in heterogeneous Fe-Si@Qranular films
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Magnetic and transport properties are examined for heterogeneous fgr8ilar 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.
[S0163-18297)06946-4

I. INTRODUCTION ous compositions on a substrate with a single sputtering
run!? The film thickness ranged from 2300 to 4000 A. We

There has been extensive interest in magnetoresistaneeeasured the atomic compositions of Fe and Si in the films
after the discovery of the giant magnetoresistai@®IR) in by Rutherford backscattering spectroscopy, and calculated
Fe/Cr multilayers, and subsequently in magnetic heteroge-the volume fraction of Fex, assuming that the densities of
neous alloys with ferromagnetic granules embedded in &e and SiQ were the same as bulk values; 7.86 and
nonmagnetic metallic matrix.The mechanism of GMR is 2.22 g/cni, respectively.
believed to be based on spin-dependent scattering. A similar The crystalline structure was examined by the x-ray-
magnetoresistand®IR) was observed early in granular met- diffraction method with ClK « radiation and the film struc-
als embedded in insulators, such as Ni-S{Refs. 3 and ¥ ture was observed by transmission electron microscopy
and Co-SiQ,® and in artificial layered structures of ferro- (TEM). The magnetic properties were measured at room
magnetic metal-insulator-metal junctiohk these cases, the temperature(RT) with a vibrating sample magnetometer.
MR has been interpreted to be due to spin-dependent tunn€Fhe magnetoresistancMR) was obtained using the dc
ing. Recently, a quite large MR has been observed immethod with in-plane fieldd; the maximum fieldH,, was 15
Fe/AlLOy/Fe(Ref. 7) and CoFe/AJO;/Co or NiFe junctiond,  kOe for the data at RT and 9 kOe for the temperature depen-
and in Co-Al-O granular magnetic filnfsand it is called dence of MR.
tunneling GMR.

In a previous papef’ we discussed the magnetoresistance Fe(110)
in Fe-SiQ multilayers which had the thickness ratio between
Fe and SiQ layers ranging from 1.0 to 1.2. The largest MR
ratio of 3.6% was obtained at room temperature in a film of
2 A Fe layer thickness, and the temperature dependence of
the MR ratio was weak. The weak temperature dependence
was consistent with the theory given by Inoue and
Maekawat! On the other hand, Helman and Abeles reported
that the MR ratio in Ni-Si@ and Co-SiQ heterogeneous
granular films changed proportionally to the inverse of tem-
perature, and they discussed their results theoretitdthy.
this paper, we will discuss the composition and temperature
dependences of MR ratio in Fe-Si@eterogeneous granular
films.

x=0.52 (D =64A)

x=0.59 (D =90A)

x=0.64 (D=95A)

Il. EXPERIMENT

260 (deg.)

Heterogeneous granular Fe-Sifiims were prepared on
glass substrates by rf sputtering at 10 mTorr Ar gas pressure giG, 1. X-ray-diffraction patterns for the Fe-Si@lms having
from a composite target consisting of an Fe plate place@arious volume fractionss’s, measured with Ci « radiation. The
asymmetrically on a SiQdisk? The asymmetry in target vertical solid line indicates the peak position corresponding to the
composition brought the gradient in the film composition, (110 planes of bulk Fe. The value dd means the size of Fe
and then we could simultaneously obtain the samples of varigranules evaluated from th&10) peak width.
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FIG. 3. In-plane magnetization curves for various volume frac-
tions, x’s, measured at room temperature.
FIG. 2. TEM images of the Fe-Sidilms with (a) x=0.16 and

(b) x=0.29 This is probably due to the unsaturation at 15 kOe relating to

the superparamagnetic nature, or the existence of the mag-
netically dead granules. Here, the solid circles indicate the
magnetization values extrapolated kb=o0 using Eq.(1)
A. Crystalline structure and magnetic properties given belowsee Fig. €a)]. The extrapolated values also are
smaller than the solid line, suggesting the latter.

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

Ill. RESULTS AND DISCUSSION

Typical x-ray-diffraction patterns are shown in Fig. 1 for
various Fe volume fractions's. The bcc Fg110) peak ap-
pears at 2=44.5° for largerx. With decreasing, the peak
intensity weakens and the width broadens, indicating that the LI B B
Fe grain size becomes smaller; from about 95 A for L R.T. ]
=0.64 to about 64 A forx=0.52, which were evaluated 1500F .
from Scheller’s formula. For<0.40, the peak intensity be- [ g 1
comes too small to be detected. Figure 2 shows the TEM
images for the films of(a) x=0.16 and(b) 0.29. In this
figure, we can clearly observe the isolated Fe granules,
whose diameter is distributed between 10 and 25 A.

Because the granules are small and isolated, the magneti- i
zation curves exhibit the superparamagnetic nature, namely 5001 ()
show nonhysteresis and unsaturation characteristics as indi- [ 855
cated in Fig. 3. This is consistent with the B&bauer spectra A
reported by Mitaniet al'® The susceptibility at zero field . . . .
increases wittx, because of the increase in the size of the Fe 0 20 40 60 80 100
granules.

The saturation magnetizations at RT obtained from the
values at 15 kOe are plotted in Fig. 4 by open circles. For g\ 4. saturation magnetizatiov, defined from the magneti-
x=0.45, the data fit well on the solid linear line indicating ,ation values at 15 kOe in-plane field as a functioxofrhe open
that the Fe grains have the same saturation magnetization pgfcles are the experimental data measured at room temperature, and
Fe volume fraction as pure-Fe bulk, 1714 emu/ctn Thisis  the solid circles are the values extrapolatedts « using Eq.(1).
consistent with the Mssbauer spectra for largar'® For X The solid line indicates that the magnetic moment per Fe volume
=<0.43, the data points are slightly smaller than the solid lineM, is constant to be 1714 emu/ém

1000 o 1

M (emu/cm®)
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FIG. 5. Experimental and calculated magnetization curves for g 10 B g b
x=0.26. The circles indicate the experimental data. The solid and ~ i ° L
broken lines are the calculated values of Eg.for total andS and Zﬁ sE o b
L components, respectively. P e
AAAA “ PN
mation of two Langevin functions, indicating that the grain ot——— ‘ —
size is distributed around two groups of the smaller and 60 - N
larger ones. Figure 5 shows an example; the analysis in the ol e L o
experimental magnetization curve for=0.26 using two < 40f s
. . . . . A
Langevin functions. Here, the open circles indicate the ex- = [ ©
perimental data and the solid curve is the calculations of the - Lo “
following equation: w20 M nooco0g
M(H,T)=Mg coth usH/KT) = (KT/usH)] o
0 01 02 03 04 05
+Mi[coth( u H/KT) = (kT/p H)] x
=MELg(H,T)+MSL (H,T), (1) FIG. 6. Analyzed data using Eql); (a8 MagnetizationsMg

and M, or volume fractionsVgNg and VN, , (b) densities of

where the subscriptS and L mean the smaller and larger grains,Ng andN, and(c) radii of grains,rg andr,, for S andL
grains, respectively, ankl g andM; are the saturation mag- granules, which are plotted by the squares and the triangles, respec-
netizations,us and u; are the magnetic moments of unit tively. In (a), the solid circles and the solid line indicate the total
magnetic cell of the smaller and larger granules, respectivelynagnetizations extrapolated tdH=% and the value of
T is the temperature, arklis the Boltzmann constant. The Mr=1714 emu/criy respectively.
broken lines indicate each term of Eql) with Mg
=203 emu/cr and us=262Qug and M} =142 emu/crd Fig. 6(a), the volume fractiorN;V;, which is proportional to
and u; =12 50Qug. From the values oM? and u; (i=S M7, is scaled also at the right-hand vertical axis. As found
andL), the number ofS andL granules per unit volume are from Fig. 6a), the volume fraction of the. granules in-
evaluated to be Ng=8.4x10"8cm™ and N =1.2 creases linearly wittx, while that of theS granules shows
X 10* cm™3, respectively. the maximum a~0.17 and then decreases gradually with

From the x-ray diffraction and Fig. 4, we can suggest thaincreasingx. This means that the number 8fgranulesNg
the superparamagnetic grains are bcc crystalline structuiigas the maximum at~0.17 and decreases remarkably with
and they have the magnetic moment of u32er Fe atom. increasingx above 0.2, while that of thé granulesN,
Then, the volume of each grail; (i=L or S) can be esti- shows the slight dependence »nas found from Fig. ).
mated by the relation,V,=pu/2.22uzad?, where a,  On the other hand, the value of depends weakly om:
=2.87 A is the lattice constant of bcc Fe. Assuming al0-15 A, whiler  increases withx from 15 A atx=0.1 to
spherical grain structure, the grain radii are given by55 A atx=0.45.
ri=[V;/(4w13)]*® In Fig. 5,rs=14.9 A andr =25.1 A
are obtained, and they indicate that the size of Fe grains is

distributed around 14-25 A, consistent with the TEM obser- B. Tunneling effect and magnetoresistance
vations(Fig. 2. . . . The resistivity at zero fielg(0) increases logarithmically
Thus, we can estimate the values\g andM? for vari-  with decreasing as indicated in Fig. 7, where the data agree

ous x’s as plotted in Fig. @) by the squares and the tri- well with the results of Ref. 13. Here, we can see the discon-
angles, respectively. The solid circles indicate the sums ofinuous increase at around-0.45, at which the mechanism

¢ plus M}, namely the total saturation magnetizations,of the electrical conductivity is changed. As shown in Fig. 8,
which are plotted also in Fig. 4 by the solid circles. Theat the threshold point arounxi=0.45 the sign of the tem-
calculated values are slightly smaller than the solid line, inperature coefficient of resistivitfTCR) changes. Forx
dicating the existence of the magnetically dead granules be=0.50, the TCR is positive indicating the metallic conduc-
cause of too small size. Combing the calculated valu@ddf tivity, while for x<0.45 it becomes negative suggesting the
and w;, the number of grains per unit voluni¢, and the nonmetallic conductivity such as the amorphouslike, semi-
radiusr; are calculated as plotted in Figgbpand Gc). In  conductorlike or the tunneling conductivity.
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The tunneling conductivity in the films of granular metals ) ) 12 ) ,
embedded in the insulator has been discussed by Helman and F!C- 9. Relationship betwees(0) and 1™ for variousx’s.
Abeled and Sheng, Abeles, and Artéthe temperature de-

pendence ob(0) is given by wherea is the constant, and is the activation energy pro-

portional to both the tunnel-barrier thickness and the charg-
ing energy of the metallic grain. The experimental data of the
c relation betweenp(0) and 12 are plotted in semilogarith-
p(0)=aexp 25/ @ mic scale in Fig. 9. These data show the nonlinearity, indi-
cating that the other effect is included as well as the tunnel-
ing effect.
Figure 10 shows that the data fit well on the following

relation instead of Eq2);

8

6_

I o

4l 1 1 1 4: c] 1

- 1 ——=—exp —2\/ix(t+t—, 3
of % ] o0 p Vit * o ®

(o)
0 : %%W where 1p, and 1p, are the constants. In Fig. 10, the circles
X

100 indicate the experimental data fer=0.26 and the solid line
12 T indicates Eq.(3) with 1/p,=0.13 Q" *cm?, 1/jp.=2.2
o, (b) x=037] X107 Q"' cm *andc=0.08 eV. The cause of 3/ is not
8¢ Cog, i clarified at present, but it probably corresponds to the leak
al e, conductivity.
C | 000000000 | By fitting the experimental data to E¢B), we can obtain
O 0 , . , , . , the constants p{, 1l/p., andc as a function ok. They are
G ) plotted in Figs. 11 and 12. The values oplshow the good
= coincidence with those of Ni-SiQgranular films'® Further-
S more, the data foc agree well with the values for Co-SjO
Q. - CPO00C00000000C000000000C00000 T
1r . %107
4 T
I (c) x=0.447
0 1 1 1 1 1 1 —\;\ 3 -
X105 e
T T T T T ) : 2
8t :::ooooooooooooooooo 4 %
L i =k
4l ] x=026
i (d) x=0.88 % 100 200 300
%0100 500 300 T®
T (K) FIG. 10. Temperature dependence of(@) for x=0.26. The

circles are the experiments and the solid line indicatesBqwith
FIG. 8. Temperature dependencesptd) for various volume  1/p,=0.13Q tcm™!, 1/p,=22x104Q tem?}, and c
fractionsx’s. =0.08 eV.
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Au-Al,03,*° W-Al,0,,2° and Pt-SiQ,*® and they fit well on
the solid line of the theoretical relation;

_ [(mlex)B-1]? .
€= (a6 P 112] “
with =1 eV ®®

The magnetoresistan€®IR) curves measured at RT with

in-plane fields for the same films as Fig. 4 are shown in Fig.

13, where —Ap(H)/p(0)=—[p(H)—p(0)]/p(0) and
p(H) is the resistivity at fieldH. Similarly to the magneti-
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zation curves of Fig. 4, the MR curves exhibit the nonhys-

teresis and unsaturation characteristics.xAmcreases, the

FIG. 13. MR curves measured at room temperature for various

field sensitivity at lower fields increases corresponding to thex’s. The vertical axis indicates the values efAp(H)/p(0)=
increase in the susceptibility at around zero field, and the MR-[p(H) — p(0)]/p(0) or the resistivityp(H) at the fieldH.

ratio for H,,=15 kOe increases up to about 3.6% xat
=0.37.

If the tunneling occurs mainly between the nearest-Ap(H,T)/p(0,T)=

neighbor grains which are equal or nearly equal in $itte
conductivities measured at temperatirevith fieldsH and
0, o(H,T) ando(0,T), are given by

o(H,T)=0gH,T)+ 0o (H,T), 5)

o(0,T)=040,T)+ 0 (0,T).
Here, the subscriptS andL mean that the tunneling occurs

betweersS granules ot granules only. Then, the MR ratio at
the fieldH is calculated as

0.3
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X

FIG. 12. Activation energy for tunneling as a function of.
Here, the data for Co-SiO(Ref. 5, Au-Al,O; (Ref. 15, and
W-Al,O3 (Ref. 15, are plotted also. The solid line indicates E4).
with »=1 eV.

p(H,T)—p(0,T) B o(0,T)—a(H,T)
p(0,T) a o(H,T)

_(Ts(H,T) (Ts(O,T)_Us(H,T)
~ o(H,T) os(H,T)

o (0,T)— o (H,T)
O'L(H ,T)

ApL(H ,T)
pL(OIT) '
(6)

wherep(H,T) and p(0,T) are the resistivities measured at
temperaturel’ with in-plane fieldsH and 0, andG¢(T) and

G, (T) are the constants. In the granular films, the tunneling
probability is related to the angle between the magnetic mo-
ments of the nearest-neighbor granules and then it is propor-
tional to the square of the magnetization;LiZ(H,T),
(i=S,L). Therefore, from Eq(6) the apparent magnetore-
sistance is given by

O'L(H ,T)

o(H,T)

ApS(H ,T)
ps(O,T)

~Gg(T) +Gu(T)

Ap(H,T)/p(0,T)=—AgT)LAH,T)—A(T)LZ(H,T),
(7

where Lg(H,T) and L (H,T) are the Langevin functions
given in Eq.(1), andAg(T) andA (T) are the MR ratios for
H,= arising from the smaller and larger grains, respec-
tively.
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The MR curves can be analyzed using EQ. Figure 14
shows an example for the analysis of the MR curve of Fig.
13(b), where the experimental data are plotted by the open
circles. The solid line indicates E¢7) using the same pa-
rameters as those obtained by the analysis in Fig. 5. It is

found that the good agreement is obtained between the ex- FIG. 16. (a) Inverse of the separate distances between grain
surfaces, 35 and 185, , for theS andL components as a function

of x, and(b) relation betweem\p(«)/p(0) and 156 or 1/S; .

periments and Eq(5). In Fig. 14, the broken lines are the
calculations of each term of E¢7), namely the MR curves
arising from theS andL granules, respectively.

The MR ratio measured at RT witH ,=15 kOe, [p(15
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Hpn==; Ag, A_, andAg+A, are plotted in Fig. 1&). The

kOe,RT)—p(0,RN]/p(0,RT), is plotted by open circles in X dependences dkg and A, in x<0.37 are similar to those

Fig. 15a) as a function ofk. The maximum value of about

of Mg andM¢, or Ng and N, presented in Fig. 6, respec-

3.6% is obtained at~0.37. Forx>0.37, the MR ratio de- tVvely. Therefore, the changes s and A_ are probably

creases rapidly with increasing Here, the solid circles in- elated to thex dependences of the granular densities or the

dicate the results analyzed by using 7). The good agree- distances between nearest-neighboring grain surfaces.
ment is obtained between the experimental data and the We have calculated the separate distan&gsand S, ,

calculations. In Fig. 1), the calculated values of the MR assuming that the each grain populates independently. The

ratio for each component i ,= 15 kOe are shown also. In calculated values of  and 15 are shown in Fig. 1@) as
x<0.37, the values 0§ component show the weak depen- & function ofx. It is found that the behaviors of 3¢ and

dence orx, while those ofL component decrease with de- 1/S. are similar to those oAs andA, . This suggests that the
creasingx. Thus, thex dependence of the total MR ratio is MR ratio is a function of the separate distance between
dominated by the. component. The calculated values for N€arest-neighbor grain surfaces as replotted in Fig)16

FIG. 15. Analyzed data of MR ratio using E¢/) for the S
componen{squares L componenitriangles, and the total values
(solid circleg as a function ofx for (a) H,,=15 kOe and(b) H,
=, The open circles iffa) indicate the experimental data.

— o exp. .
&Q & L-comp. @ d
~ | O S-comp. ) .
= ® total ¢
= -
& H,=15k0e @
L @
@ (@ asg®
o @ 00 ob
v 00o go
in ®
% AD S a
g a
A
-
.
—~ H,=c . .
9
R 300) .%e
.
o~ 0 .
= ® pbp o
<% opH
= o
0 5 .
3 Laa .
&
A

0 . . . . .
0 01 02 03 04 05

X

On the other hand, the decrease in both value&odnd
A, in x>0.37 is closely related to the drastic decrease in
p(0) at aroundk=0.37 (see Fig. 7. In other words, the mag-
netoresistance arising from the tunneling effect becomes
smaller in the range o%x>0.37 because of the percolation
effect.

C. Temperature dependence of the magnetoresistance

The temperature dependence of the MR ratio measured
with H,,=9 kOe is shown in Fig. 17 for variouss. In the
range ofx=0.37, the temperature dependence is very weak,
while the MR ratio forx<0.33 increases when temperature
decreases to a critical point indicated by an arrow, followed
by weak temperature dependence or the decrease. The criti-
cal point shifts to lower temperature with decreasmgug-
gesting that its point corresponds to the blocking temperature
TB .

An example for the temperature dependence of the mag-
netization curve in the film ok=0.22 is shown in Fig. 18
which were measured using superconducting quantum inter-
ference device. The curves at 60 [Kig. 18a)] are well
expressed by Eq1) using the same parameters as those at
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RT; M3=149 emu/cr, us=108%ug, M{=170 emu/cr : - .

and u, =497Qug, suggesting the superparamagnetic nature

above 60 K, orTz to be lower than 60 K. However, the

curve at 4.2 K[Fig. 18b)] exhibits the hysteresis, indicating

the ferromagnetic nature. Here, the magnetization value at 30 -3 o . . Pl

kOe is higher than the value M2+ M} =320 emu/criby a -0 500 5 10

factor of about 1.5. This larger value might arise from the H (kOe)

magnetizations of small granules which are magnetically

dead at higher temperature, and from the paramagnetic com- FIG. 19. MR curves at various temperatures for the same film as

ponent of glass substrate which is diamagnetic at higher tenig. 18 (x=0.22). The open circles and the solid lines indicate the

perature. The MR curves for the same film as Fig. 18 arexperimental data and the calculations of Eg), respectively. In

presented in Fig. 19 for several temperatures. These figurdke calculations, the same parameters as those in Fig) Mere

indicate that in the temperatures higher than 60 Krgithe ~ used.

MR curves fit well on Eq(7) with the same parameters as

those at RT, while belowg the agreement between the ex-  Thus, the values oAg(T) andA_(T) can be evaluated for

perimental curves and E(j) is weak because of changing in various temperatures. The data and their sum are plotted in

the magnetism. In these figures, the coefficiehisand A, Fig. 2Q@) for the same film as Fig. 19. Here, the experimen-

are given for each temperature. tal data forH,,=9 kOe are plotted also by the open circles.
As found from Fig. 20a), the temperature dependence of

IS
(=]
~
>
w
I
w
n

| N T I T T |

Aplp, (%)
®)

3001 @ 5 Ly
a r T=60K . total
g 200+ J 5 ‘ i 2.6'7/T
El | | —_

g 100 L J § 4 [ \l‘n,
= | o] g 3},
0 s {7
L L < 2t
0 5 10 15
H (kOe) 1t
600 ————————
(b) (5’
:E\ 3001
g 0 = 4r, O,
=
8 = 3
(=]
= -300( T Ll
S
600-——— 1t
-30 -20 -10 0 10 20 30 o () x=0.26
olb—s o TN
H (kOe) 0 100 200 300

FIG. 18. In-plane magnetization curves of the film wixh e
=0.22 measured d8) 60 K and(b) 4.5 K. In (a), the open circles FIG. 20. Temperature dependences of the MR ratio(&rx
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=170 emu/crd and u, =497Qug, which were obtained from the in H,,=o%, respectively, and the open circles are the experimental
magnetization curve measured at room temperaturé)jronly the  data in H,=9 kOe. The solid lines indicate the relation of
experimental curve is shown. Ap()/p(0)c1/T.
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Ag(T) is very weak, consistent with the theory proposed by IV. CONCLUSION
Inoue and Maek.avy%[l. However, theA, (T) depends stro_ngly We examined the magnetic and transport properties of
on temperature; with decreasing temperature, Ah€r) in- heterogeneous Fe-Si@yranular films. The superparamag-
creases slightly until 150 K and then decreases rapidly tg :

zero. The decrease i (T) is probably caused by the in- netic nature and the tunneling GMR appeared X¥er0.45.

crease in the exchange interaction between the neare%{—h e magnetization and MR curves were systematically ana-

neighbor granules. This interaction suppresses the randon%Zed by two Langevin functions, assuming the granular size

. . . . .~ “."was distributed around two mean values, the smaller and
orientation of the magnetic moment at zero field, resulting i

the low resistivity at zero field and also lowering the MRnIarger rad'.'rs andr, . Thex dgpendence of_the MR ratio
ratio. For higher temperature, it (T) approximately fol- was explained phenomenologically by the distance between
Iowsi the reI%tion proFr))ortionai to 1/ whiEE was givgn by the nearest-neighbor granular surfaces. The temperature de-
Helman and Abele$,and which is indicated by the solid PEndence of the MR ratio was very complex; the MR ratio
line ' changed with I¥ at lower temperatures for the smaller gran-
Another example is shown in Fig. @ for x=0.26. In ules and at higher temperatures for the larger granules.

this case, thé\g(T) increases with I7 below 150 K, while

its value above 150 K is almost constant. Thus, the lower
temperature values @&s(T) and the higher temperature val-  The authors are grateful to F. Nishiyama for the RBS
ues of A (T) agree well with the relation of T/ However, measurements. This research was partly supported by a
the lower temperature values & (T) decreases to zero Grant-in-Aid for Science Research for the Ministry of Edu-
with temperature similarly to Fig. Z8). cation, Culture and Science of Japan.
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