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Tunneling giant magnetoresistance in coevaporated Fe ,(SI0),_, thin films
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Laboratoire de Physique des Maiwux, (U.M.R. au C.N.R.S. No. 7556), Universitenri PoincareNancy 1,
B.P. 239, 54506 Vandceuvresidlancy Cedex, France

(Received 24 March 2000; accepted for publication 1 September) 2000

Fe (SiO);_y thin films, with volume fractionx ranging from 0.04 to 0.6, have been prepared by
coevaporation. Magnetization, resistivity, and magnetoresistance measurements show that the
behavior of this composite is metallic like fae=0.35. For 0.Z2x=<0.27, the confrontation of all
measurements prove the existence of a tunneling giant magnetoresistance between ferromagnetic
grains atT <300 K, where the mean radius of the grains is estimated to be about 1 nrfA00@
American Institute of Physic§S0021-897@0)05923-5

Correlation between magnetoresistance and superparabserved in these conditions only fg=0.2. The FC and
magnetism was first shown in early work by Gittlemetral! ~ ZFC curves are characteristic of granular systems for 0.2
in granular Ni—SiQ. The recent discovery of the so-called <x=<0.27 as shown in Fig.(&) for x=0.2. They exhibit a
giant magnetoresistance in inhomogeneous composites madl& slope at high temperature and a narrow peak of the ZFC
of nanoscale ferromagnetic granulgs, Co, N) embedded curve for the so called blocking temperatrg: Tg is equal
in a metallic hostAg, Cu) has stimulated new studies with to 9 K for x=0.2 and 15 K forx=0.27. Forx=0.35[Fig.
the insulating hodt® (Al 03, Si0,). They are generally pre- 1(b)], no 17T slope is observed. The decrease of magnetiza-
pared by magnetron sputtering. Our gréfihas recently tion with increasing temperature rather remains the behavior
studied the structure and optical properties of silicon cluster§f a homogeneous ferromagnetic material. The low tempera-
in amorphous SiQ and SiQ:H thin films prepared by ture magnetization is close to bcc iron, although no crystal-
evaporation, and the purpose of this communication is tdized phase has been observed in the TEM experiments. We
show that the evaporation technique also permits us to obtaifote that a hysteresis between the FC and ZFC appears be-
nanometric magnetic grains in an insulating host whichlow T=25 K, and this may be attributed to some isolated
present the giant magnetoresistance effect. magnetic grains. The FC and ZFC curves Xe+0.45 corre-

The Fg(SiO),_ alloys were obtained by coevaporation spond to a homogeneous soft ferromagnetic material without
of Fe and SiO from an electron gun and a thermal cell, rehysteresis between the FC and ZFC curves at low tempera-
spectively. By varying the deposition rates of Fe and SiO, wdures.
prepared FgSiO),_, samples with differenvolume frac- High field measurements have allowed us to detect a
tions xranging from 0.04 to 0.6. The substrates were mainimagnetic signalab K for x=0.13. This indicates the exis-
tained at 100 °C. The total theoretical thickness, calculatedence of some magnetic grains with a strongly reduced mag-
with the density of Fe and SiO, was 50 nm for the transmisetization (0.2pg/Fe atom. The fit of the magnetization
sion electron microscopyTEM) and 200 nm for the other Curve with a Langevin function provides a particle moment
experiments. Classical TEM and diffraction experimentsOf 53us, which corresponds to the radius of a particle of 8 A
show that the samples seem homogeneous and amorpholghin the assumption of a magnetization of Quz3Fe
for x less than 0.35. The metallic clusters are absent or togtom. The field dependence of magnetization is plotted in
small to be seen by this technique. The(0), _, samples Fig. 2 for x=0.2. We first note that the magnetization is
are crystallized fox=0.45. The diffraction spectrum shows réduced by a factor 2 with respect to bulk bec iron, suggest-
crystals with the bcc structure of pure iron. For electrical and"d that some iron may be dispersed in the matrix or that the
magnetic measurements, the samples were deposited orféfgnetic granules may be amorphous. The magnetization
float glass and silicon substrates, respectively. The condu€Urves show a Langevin like behavior for=100 K, well
tivity has been measured from 77 to 300 K. Magnetoresis@P0Ve the blocking temperature, in agreement with the FC
tance has been measured with a current in the plane of tfdd ZFC curves. Nevertheless, the fit with a unique Langevin
film in a superconducting coil equipped cryostat with a maxi-function presents some discrepancies with the experimental
mum field of 70 kOe. The magnetic properties were deterP0INts, which is readily attributed to the existence of a dis-
mined with a semiconducting quantum interference devicdfPution of size. Within the assumption of a simple normal
(SQUID) magnetometer. d|str|_but|op of radiusR: f_(R)z 1/R, the sum of the Langevin

The low field (H=20 O8 magnetization has been mea- functions is then analytic and can be written as
sured after field coolingFC) or zero FC(ZFC) as a function M(T)
of temperature for all samples. A magnetic signal can be M(T,H)=

MlSh(MzX))
HoSH(paX) )

aAuthor to whom correspondence should be addressed; electronic maiVherex= H/_kT, Ms(T? is the s_at_uration magngtization, Qnd
bellouar@Ipm.u-nancy.fr nq (respectively,u,) is the minimum (respectively maxi-

(p2— p1)X @
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\m FIG. 3. Resistivityp of Fg(SiO),_, measured at room temperature and at
3 77 K as a function ok.
- H = 20 Oe Se,
2 e x = 0.35 1
N ° x=0.35, the measurements are analogous to those of a fer-
*g o ZFC romagnetic material. In conclusion, magnetization measure-
> . FC . . ments show superparamagnetism in coevaporatg®i®g
S 0 100 200 300 400 for 0.13=x=<0.27.
T(K) Figure 3 shows the electrical resistivityp of

Fe(SiO),_, films at room temperature and at 77 K. The
, o . values are similar to those obtained in the granular
FIG. 1. Low field (I—!=20 Oé_ magnetization m_easured asa function of Ni—SiO.2° and E —S'QMO Th . b .
temperature after field coolingFC) or zero field cooling (ZFC) for I IO% an. e. I systems. ere Is an abrupt In
Fe.,Si0p 5 (8) and Fg 3:S5i0; g5 (0). crease inp with SiO content arounc=0.3, which corre-
sponds to a change of mechanism of electrical conductivity.
. ) ~_ Forx>0.3, the temperature coefficient of resistiilyCR) is
mum) value of the moments of the particles in the distribu-yositive, indicating a metallic conductivity, while fox
tion. The fit of the magnetization curve @=100 K with - 3 jt becomes negative, suggesting a nonmetallic conduc-
expression(1) provides u;=60ug and u,=130Qus. AS- ity such as semiconductorlike or tunneling conductivity.
suming that the magnetization of the grains is given byap jnteresting observation is that the value of conductivity at
M(T) and that their density corresponds to the density ofpe composition where TCR vanishes is in the range of
bulk iron, we can evaluate the minimum and maximum radiiq2_1 -Lcml This value of minimum metallic con-
of the distributionR; =5 A andR,=14 A. The mean radius ductivity agrees with Mott’s prediction of the limiting con-

of the distribution is then equal to 9 A. The same treatmenyyctivity of a metal. We remark that this metallic percolation
for x=0.27 provides a distribution of moments of particles ¢oincides with the crossover between the superparamagnetic
which spreads from 70 to 260Qug, which corresponds 0 4nq ferromagnetic behaviors. Moreover, it occurs at a vol-
a radius of 6 and 19 A with a mean size of 11 A. We noteyme fraction close to the theoretical value predicted by
that the moments of the particles are much lower than thosgznqauett and is lower than in other composites obtained
obtained with F¢SiO,) for the same volume fractiochFor by sputtering*5°Electrical conduction in the dielectric re-

gime of granular metals results from transport of electrons

and holes by tunneling from one isolated metallic grain to
. o o o o o the next. The temperature dependencepd$ given by p
=poexp(2/c/kT), wherep, is a constant and is the acti-
vation energy proportional to both the tunnel barrier thick-
ness and the charging energy of the metallic grain. Figure 4
shows that this behavior is observed between 77 and 300 K
for the samples withx<<0.3. It was also verified that these
curves are readily distinguishable from the Mott pln
~1/TY or the Inp~1/\T behavior. The coefficients de-
creases from 0.58 eV for FgSiO)gge to 0.05 eV for
Fe, ,4SiO)y 73 These values agree well with the values for
0 20 4'0 50 30 Ni-SiO,,° Pt—SiG,° (.‘To—SiQ,ll and Fe—SiQ systems

H (kOe) ' The magpetoresstance, MRI=[p(H)—p(0)/p(O)J
is shown in Figs. &) and 3b) as a function of the applied

FIG. 2. Magnetization as a function of applied field for, IO, s compos- field for x=0.2 andx=0.35 atT =100 K. This measurement
ites. The solid line represents a fit with a sum of Langevin functions. has been made with a constant current parallel to the applied
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104 ] portional to the square of magnetization, the MR (curve
E for x=0.2 has been fitted by a term proportionaMé(H, T)

[Eqg. (1)] with the parameters obtained from the magnetiza-
tion experiments. A quite good agreement with the experi-
mental points is obtained, which confirms that the MR effect
is due to the particle size distribution determined above. The
rather low particle moments of this distribution explains the
absence of detectable MR signal at ambient temperature and
of saturation at high fields. As a consequence, the maximum
tunneling GMR effect(2% at 100 K forx=0.2) remains
weak compared to the results of other grofi® For x

' ' : ' =0.35, the MR presents a minimum at low fieldd <300
0.06 0.08 0.1 Oe) and a decrease of MR for high fieldsl 300 O@. The

T -1/2 (K-1/2) existence of both these effects may be attributed to a large
distribution of size of particles: the larger grains giving rise

FIG. 4. Electrical resistivity in a logarithmic scale as a functioof?for ~ {0 an anisotropic magnetoresistan@MR) at low fields,
different Fg(SiO),_, samples. whereas the smaller produce GMR for higher fields. This
agrees with the features of the FC—ZFC curve. As the tem-
perature coefficient of resistivity is positive for this sample,
ghe GMR effect can be rather attributed to a usual metallic
conduction between magnetic grains. kot 0.45, only an
AMR effect is observed, which is characteristic of a homo-

T

-
o
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field. A decrease of the resistance with applied field, which i
the signature of a giant magnetoresistat@G®R) effect in
this geometry, is clearly shown for=0.2. The same feature ) .
has been observed for=0.27. No GMR effect has been 9€N€0US ferronjagneth ”.‘"’?te”a'- .

clearly detected at 300 K. For these concentrations, the tem- Magnetization, resistivity, and magqetore3|stance mea-
perature dependence of the resistivity is consistent with gurements have been performed with(&%0), _ coevapo-

tunneling effect between isolated grains; this GMR effect israted composites with volume fractionranging from 0.04

then attributed to a spin dependent tunneling conduction be® 0.6. Forx=0.35, it behaves like a metallic system with a

- - ; ; - magnetization per iron volume closed to pure iron. It exhibits
tween ferromagnetic grains. Assuming that this effect is proboth anisotropic and GMR effect for=0.35 as an inhomo-
geneous metallic system, whereas only an anisotropic mag-
netoresistance is observed for0.45. Forx=<0.27, its be-
havior is semiconducting or insulatinglike, with a strongly
reduced magnetization per iron volume compared to bulk
iron. For 0.2<x=<0.27, all measurements prove the existence
of a tunneling GMR at low temperaturd& £ 300 K) between
ferromagnetic grains. Their mean radius has been evaluated
to be about 1 nm. Nevertheless, the reduced magnetization
and the absence of crystallites in TEM measurements sug-
gest that the magnetic granules are badly crystallized or
amorphous. Some experiments with annealed samples are

o - - - L - 2e planned to study the correlation of the structure and transport
-60 -40 -20 0 20 40 60 properties of these composites.
H (kOe)
1J. . Gittleman, Y. Goldstein, and S. Bozowski, Phys. Rev5,B3609
T T T T T (1972.
0.01 F o2l (b) 4 23. Honda, T. Okada, M. Nawate, and M. Tokumoto, Phys. Re%6B
..'3 - 14566(1997).
'} * 3S. Mitani, S. Takahashi, K. Takanashi, K. Yakushiji, S. Maekawa, and H.
0.005 | . : . ] Fujimori, Phys. Rev. Lett81, 2799(1998.
—_— e s @ .o 4T. Zhu and Y. J. Wang, Phys. Rev. @, 11918(1999.
X . . 5J.-H. Hsu and Y. H. Huang, J. Magn. Magn. Mat283 94 (1999.
~ ol . . L 6Q. Y. Xu, H. Chen, H. Sang, X. B. Yin, G. Ni, J. Lu, M. Wang, and Y. W.
o .o . Du, J. Magn. Magn. Mater204, 73 (1999.
= b _ "H. Rinnert, M. Vergnat, G. Marchal, and A. Burneau, Appl. Phys. Lett.
0.005 * * T=100K 72, 3157(1998.
- B . x=0.35 7 8H. Rinnert, M. Vergnat, G. Marchal, and A. Burneau, J. Lun@, 445
1 1 1 1 ! (1999
9 '
4 -2 0 2 4 (Bl.géls)eles, P. Sheng, M. D. Coutts, and Y. Arie, Adv. Phgd, 407
H (kOe) 105, Mitani, H. Fujimori, S. Furukawa, and S. Ohnuma, J. Magn. Magn.

. . o Mater. 140-144, 429 (1995.
FIG. 5. Magnetoresistance as a function of applied fieldatl00 K for 1R, Landauer, J. Appl. Phy&3, 779 (1952.

Fey 2Si0p g (a) and F@ 35510y 65 (b). The solid line forx=0.2 represents afit 125, Barzilai, Y. Goldstein, |. Balberg, and J. S. Helman, Phys. Re23B
with a term proportional to the squared magnetization. 1809(1981).

Downloaded 13 Dec 2004 to 194.214.217.17. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



