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Magnetoresistance properties of granular nanowires composed of carbon nanopatrticles
embedded in a Co matrix

J.-E. Wegrowé, A. Sallin, A. Fabian, A. Comment, J.-M. Bonard, and J.-Ph. Ansermet
Institut de Physique Expenentale, Ecole Polytechnique @eale de Lausanne, CH-1015 Lausanne, Switzerland
(Received 28 May 2001; published 30 November 2001

Spin-dependent transport was studied in granular nanowires composed of magnetic and nonmagnetic nano-
particles embedded in a Co matrix. At low temperature, giant magnetoresisavi®) and tunnelinglike
magnetoresistand@MR) appear. GMR and TMR-like magnetoresistance are identified by the temperature and
bias voltage dependence of the resistivity and the temperature dependence of the magnetoresistance. Electron
microscopy observations suggest also that the percolation threshold of the particles in the wire triggers the
transition from diffusive to hopping transport. The magnetoresistance behavior is very similar for both Ohmic
and non-Ohmic transport. The origin of the magnetoresistance is ascribed to the presence of constrained
magnetic walls pinned between the nanoparticles.
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Diffusive and nondiffusive spin transport of conduction the resistivity is mainly defined by the conductivity of the Co
electrons are responsible for various types of magnetoresi$erromagnetic matrix. The magnetoresistance is very similar
tance phenomena. Giant magnetoresistdi@dR) is mea- in both cases, suggesting that it is due to the constrained
sured in metal/ferromagnet multilayer$,while tunneling domain walls at the interfaces.
magnetoresistancelTMR) is measured in non-Ohmic In the following, two kinds of samples corresponding to
ferromagnet/insulating/ferromagnet multilayérsBoth ef-  two types of embedded nanoparticles have been compared.
fects can also be observed in granular systems, with ferrdcSamples of type A are prepared with magnetic Co particles
magnetic grains embedded in a nonmagnetic matrix that isncapsulated in graphitic carbon shells. The nanopatrticles are
either metallic for GMR measuremefifsor nonmetalic for  obtained by an arc discharge technique, and the structural
TMR measurement$:8 In usual granular systems, magnetic and magnetic properties of the particles have been described
nanoparticles are dispersed in a nonmagnetic matrix, metallin Refs. 14 and 15. Characterization by electron microscopy
(e.g., Ag, Au, Cu,...) orinsulating (e.g., SiQ, Al,O3, shows that the particles are mainly monocrystalline and cov-
)8 ered by three to five graphitic shells. The mean diameter of

Granular systems give access to GMR and TMR measurdhe nanoparticles is 13.5 nm in the present case, with a dis-
ments in disordered structures. It was observed that the twpersion of about 8 nniFig. 1(a)]. The magnetization of a
types of magnetoresistanéEMR and TMR were surpris-  single particle is about 1:810 1> emu. The blocking tem-
ingly similar,” considering that the electronic transport perature is about 300 K, so that the particles do not have a
mechanisms are totally different. This similarity was ob-superparamagnetic behavior in the temperature range of the
served in the amplitude of the magnetoresistance and in iwxperiment.
dependence on the magnetic field and density of the mag- Samples of type B are composed of nonmagnetic spheri-
netic material. It was also shown that the magnetoresistance
does not depend on the volume of the magnetic nanoparticles
in the matrix and is due to interface scatterffgurthermore,
recent observatioh$!! show that very high magnetoresis-
tances can be obtained in point contacts due to the existence
of constrained domain walls of very small siZés.

These results motivated the present investigation of the
role played by geometrically constrained magnetic nanoinho-
mogeneities. For this purpose, a new concept of nanostruc-
tured granular systems was used. The matrix is an electrode-
posited polycrystalline Co nanowire of about 100 nm
diameter and 50um length®® in which pure carbon or
carbon-covered Co nanoparticles of well-defined size and
shape are embedded. The nanopatrticles in the ferromagnetic
submicrometric section of the wire play the role of pinning
defects for the domain walls. It is shown in this paper that . —
the nature of the resistivitidiffusive versus nondiffusiveis (c) decoration deposition
determined by the density of the nanoparticles in the matrix.

Above a given value of particle density corresponding to a FIG. 1. Transmission electron microscopy micrographsapf
percolation threshold, the section of the wire is obturated andarbon-encapsulated Co particlesnbedded in a Co wije(b) car-
the transport properties are not diffusive. Below this densitypon onions, andc) fabrication procedure.
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FIG. 2. Scanning electron microscopy micrographs of an alumi-
num oxide membrane witte) decorated andb) obturated pores.

cal carbon nanoparticles, the so-called carbon on[ces
Fig. 1(b)] obtained by high-temperature annealing of crystal-
line nanodiamond particles as described in Ref. 16.

The nanowires are prepared in two main stigfig. 1(c)].
First, the pores of an aluminum oxide microfiltration mem-
brane are filled with nanoparticles. The nanoparticles are dis-
persed in ethanol and sonicated before being driven into the
pores by hydrodynamic depression. Second, a metallic Co 0.15 . .
“cement” is electrodeposited on the pores, and a single (b) H[kOg]
nanowire is contacted by a method described in Ref. 17. The

obtained nanowires ade=50 wxm long with a diameter of FIG. 3. (a) Magnetoresistance hysteresis loop of a homogeneous
200 nm (or a section S=12.5x10 4 M2 g/|=25 Co nanowire at various temperatures. The magnetic field is applied

X108 m) perpendicular to the wire axis. The magnetoresistance is taken as

Scanning electron microscopy reveals that the particlesZ/R=IR(H=0 kOe)=R(H=48 kOe)/R(H=48 kOe). (b)
lose-up of the magnetoresistance of a Co nanowire decorated by

penetrate inside the pores over a maximum distance of abo icl lated i hiti b hells. Th i
1 um (Fig. 2). Depending on the quantity of particles driven -0 parficies encapsulated in grapnitic carbon shefls. The magnetic
M . field is applied at 50 with respect to the wire axis.
through the membranes, the pores can be either decorated
[Fig. 2@] or completely obturatedFig. 2(b)]. Magnetic The general shape of the magnetoresistance hysteresis
measurements of the membranes with decorated gbrgs loop (measured with perpendicular fieJdsf Co nanowires
without the ferromagnetic cemgrghow that about 1% of the with carbon-encapsulated Co particles is also rather similar
pore surface in the membrane is occupied by the encapste that of homogeneous Co nanowires. The lowest magne-
lated Co nanoparticles, which corroborates the scannintprestistance, which corresponds to the magnetization per-
electron microscopySEM) measurements. pendicular to the wire axis, is also obtained by applying a
In order to deduce the magnetoresistance produced by tHeld above the saturation field. However, the configuration
carbon nanoparticles embedded in the electrodeposited Guith the magnetization aligned along the wire axis can no
matrix, the measurements are compared to the results obenger be obtained due to magnetic inhomogeneities.
tained on a homogeneous Co wire without particles. All mea- Pinned domain walls reduce the effective magnetization
surements are performed with the field perpendicular to thevhich contributes to the AMR and lead to vortices or ex-
wire axis (except if specified otherwiseThe transport and tended domain walls at low field. The complexity of the
magnetotransport properties of homogeneous Co wires haweagnetic configurationgsortices or extended domain walls
been studied in detail in previous studté$®°The impor-  appears at low field for small angles of the applied field with
tant point is that the magnetoresistance is due to the aniseespect to the wire axigFig. 3(b)]. Such complex structures
tropic magnetoresistanéAMR) only. There is hence no sig- were never observed on single contacted homogeneous wires
nificant temperature dependence of the magnetoresistaneéthout nanoparticles. Due to these magnetization states, the
hysteresis loogsee Fig. 83)], except a variation of a few AMR hysteresis loop is then expected to be much smaller
percent due to modification of the magnetic configuration atvith the presence of nanopatrticles inside the Co matrix. The
low field. The amplitude of the AMR signal is due to the reproducibility and stability of the samples is excellent and is
difference between the resistance with the magnetization perdentical to the samples without nanoparticles.
pendicular to the currerit.e., magnetization along the satu-  Below the percolation threshold, when the section of the
ration field, at about 4 JTand the magnetization parallel to pores is not obturated, the presence of particles leads to a
the current. The last configuratiofmagnetization aligned GMR behavior no matter whether the particles are of type A
uniformly along the wire axisis due to the strong shape or B. The GMR behavior is identified by the amplitude and
anisotropy of the wirdaspect ratio about 10@nd the rela- temperature dependence of the effect. T\ curves show
tive homogeneity of the nanocrystallined Co. The whole pro-no significant deviation from Ohm’s law. Figure 4 shows the
file is hence very similar for all measured wires. magnetresistance hysteresis loop at various temperatures for
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FIG. 4. Magnetoresistance hysteresis loops of a Co nanowire ®) Vbias [MV]

with nanoparticles measured at various temperatures. The field is

applied perpendicular to the wire axis. Insets: temperature depen- FIG. 5. (a) 1/T temperature dependence of the resistatate
dence of the resistivity at zero fiel§a) Carbon-encapsulated Co zero field and (b) differential conductance as a function of bias
particles andb) carbon onions. voltage at 2 K.

sample A[C-Co nanoparticles: Fig.(d)] and for sample B sistance averaged out with the nonballisitic conduction chan-
[Carbon onions: F|g (4))] The anisotropy is reduced or nelsin parallel and also summed over many configurations in
modified with respect to the homogeneous Co wires. Th&€rles. _ _

AMR is below 0.5%(measured at 300 K by assuming no Above the percolation threshold, when the section of the
GMR contribution$, as expected. The MR is enhanced by awire is obturated by the nanoparticles, the value of the resis-

factor of about 6 between room temperature and 20 K. Th&Vity is very high(three orders of magnitude higher than that

difference in the value of the GMR between samples A and())l‘hdeporatedhpore}sghe transport mecha?|srfnt|r'ls cltearly no?-
B, typically a factor of 2 here, is probably due to the differ- miC as shown by our measurement of the temperature

ence in particle density inside the pores. The GMR is th dependence of the resistance and the differential conductance
same decreasing function of the temperatures for both typ;%:'g' 5. The 1T dependence of the resistivifirig. S&)] was

. ) ready observed in a compact assembly of carbon onfbns.
of s_ample_s, \.N'th a typical plateau fmz Kup tqabout 20_ K_’ . Thedl/dV(V) profile[Fig. 5(b)] can be expected in the case
which coincides more or less with the residual resistivity ¢ tunneling magnetoresistant@his non-Ohmic profile dis-

(inset, Fig. 4. The non-normalized R(T) follows also the  gnhears at about 20 K, and the resistivity remains constant
temperature dependence of the GMR. The fact that bothpgye this temperature.

samples have a comparable magnetoresistance shows that the

nature of the particlegferromagnetic versus nonferromag- 4
netic is not directly involved in the spin-flip scattering R(300K)=6 kQ , T=2K
mechanism. This implies that spin diffusion is located at or
near the surface of the particles, and the magnetic configu-
rations(the constrained domain walleecessary for spin dif-
fusion are due to the presence of the particles.

The GMR of samples of type A are about 3% from 12 K
down to 2 K. This value is measured with respect to the
resistance of the whole 5@&m wire. Since the particles fill
about 1% of the total pore volume, the optimization of the
process may lead to some hundreds of a percent of GMR.
The possible mechanism involved here is that many conduc-
tion channels are in parall@lvhich can be observed in Fig. FIG. 6. Magnetoresistance of cobalt onions embedded in a Co
2(a)] and some of them are ballistic. The observed magnenanowire measured 4=50 nA (V=2 mV). The resistance is
toresistance would result from the strong ballistic magnetoreaboutR,=6 kQ at T=300 K andR=38 k) at 2 K.
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The magnetoresistance, Fig. 6, is very similar to thatsistance behavior. This result implies that the magnetoresis-
found in the Ohmic regime. A decreasing function of thetance properties arise from the magnetic configurations in the
temperature is also obtained, but without the plateau systenvicinity of the nanoparticles, the constrained domain walls,
atically observed in Ohmic samples below 20 K. Such temand not from the spin-dependent transport properties through
perature dependence has been predicted in the framework gfe particles. More surprisingly, although the density of the
a granular tunneling magnetoresistance thébry. particles inside the nanowire is a crucial parameter for the

The qualification of tunnelinglike magnetoresistance isg|ectronic transport propertigdefining the diffusive to hop-
then suggested by thil/dV(V) andR(T) curves. However, ing or tunneling crossoverthe spin-dependent transport
the hopping magnetoresistance, the ballistic magnetoresigyoperties (amplitude and shapeare not modified. This
tance, or any non-Ohmic resistance with spin-dependent,qy suggests that the magnetoresistance is due to ballistic
scattering may also account for both temperature dependenge,gnetoresistandas observed in single ballistic conduction

and!(V) mea_surement?sz. _ channel®'), but averaged over many conduction channels.
In conclusion, we have measured the magnetoresistance

properties of carbon nanoparticles embedded in Co nano- We are grateful to the Center Intémietemental de Mi-
wires. The naturémagnetic or nonmagnejiof the embed- croscopie Electronique of EPRICIME-EPFL) for access to
ded nanoparticles plays no qualitative role in the magnetoreelectron microscopy facilities.
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