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Magnetoresistance properties of granular nanowires composed of carbon nanoparticles
embedded in a Co matrix
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~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 magnetoresistance~GMR! and tunnelinglike
magnetoresistance~TMR! 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.

DOI: 10.1103/PhysRevB.65.012407 PACS number~s!: 75.60.Ch, 75.70.Pa, 72.15.Gd
n
s

c

rr
t

tic
al

ur
tw

rt
b

a
n

icl

s-
en

th
ho
ru
od
m

an
ne
ng
a

ri

an
it

o
ilar
ned

to
red.
les
are

ural
ibed
opy
ov-
r of
dis-

e a
f the

eri-
Diffusive and nondiffusive spin transport of conductio
electrons are responsible for various types of magnetore
tance phenomena. Giant magnetoresistance~GMR! is mea-
sured in metal/ferromagnet multilayers,1,2 while tunneling
magnetoresistance~TMR! is measured in non-Ohmi
ferromagnet/insulating/ferromagnet multilayers.3 Both ef-
fects can also be observed in granular systems, with fe
magnetic grains embedded in a nonmagnetic matrix tha
either metallic for GMR measurements4,5 or nonmetalic for
TMR measurements.6–8 In usual granular systems, magne
nanoparticles are dispersed in a nonmagnetic matrix, met
~e.g., Ag, Au, Cu, . . . ) or insulating ~e.g., SiO2 , Al2O3 ,
. . . ).9

Granular systems give access to GMR and TMR meas
ments in disordered structures. It was observed that the
types of magnetoresistance~GMR and TMR! were surpris-
ingly similar,7 considering that the electronic transpo
mechanisms are totally different. This similarity was o
served in the amplitude of the magnetoresistance and in
dependence on the magnetic field and density of the m
netic material. It was also shown that the magnetoresista
does not depend on the volume of the magnetic nanopart
in the matrix and is due to interface scattering.9 Furthermore,
recent observations10,11 show that very high magnetoresi
tances can be obtained in point contacts due to the exist
of constrained domain walls of very small sizes.12

These results motivated the present investigation of
role played by geometrically constrained magnetic nanoin
mogeneities. For this purpose, a new concept of nanost
tured granular systems was used. The matrix is an electr
posited polycrystalline Co nanowire of about 100 n
diameter and 50mm length,13 in which pure carbon or
carbon-covered Co nanoparticles of well-defined size
shape are embedded. The nanoparticles in the ferromag
submicrometric section of the wire play the role of pinni
defects for the domain walls. It is shown in this paper th
the nature of the resistivity~diffusive versus nondiffusive! is
determined by the density of the nanoparticles in the mat
Above a given value of particle density corresponding to
percolation threshold, the section of the wire is obturated
the transport properties are not diffusive. Below this dens
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the resistivity is mainly defined by the conductivity of the C
ferromagnetic matrix. The magnetoresistance is very sim
in both cases, suggesting that it is due to the constrai
domain walls at the interfaces.

In the following, two kinds of samples corresponding
two types of embedded nanoparticles have been compa
Samples of type A are prepared with magnetic Co partic
encapsulated in graphitic carbon shells. The nanoparticles
obtained by an arc discharge technique, and the struct
and magnetic properties of the particles have been descr
in Refs. 14 and 15. Characterization by electron microsc
shows that the particles are mainly monocrystalline and c
ered by three to five graphitic shells. The mean diamete
the nanoparticles is 13.5 nm in the present case, with a
persion of about 8 nm@Fig. 1~a!#. The magnetization of a
single particle is about 1.8310215 emu. The blocking tem-
perature is about 300 K, so that the particles do not hav
superparamagnetic behavior in the temperature range o
experiment.

Samples of type B are composed of nonmagnetic sph

FIG. 1. Transmission electron microscopy micrographs of~a!
carbon-encapsulated Co particles~embedded in a Co wire!, ~b! car-
bon onions, and~c! fabrication procedure.
©2001 The American Physical Society07-1
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BRIEF REPORTS PHYSICAL REVIEW B 65 012407
cal carbon nanoparticles, the so-called carbon onions@see
Fig. 1~b!# obtained by high-temperature annealing of cryst
line nanodiamond particles as described in Ref. 16.

The nanowires are prepared in two main steps@Fig. 1~c!#.
First, the pores of an aluminum oxide microfiltration mem
brane are filled with nanoparticles. The nanoparticles are
persed in ethanol and sonicated before being driven into
pores by hydrodynamic depression. Second, a metallic
‘‘cement’’ is electrodeposited on the pores, and a sin
nanowire is contacted by a method described in Ref. 17.
obtained nanowires arel 550 mm long with a diameter of
200 nm ~or a section S512.5310214 m2, S/ l 52.5
31028 m).

Scanning electron microscopy reveals that the partic
penetrate inside the pores over a maximum distance of a
1 mm ~Fig. 2!. Depending on the quantity of particles drive
through the membranes, the pores can be either deco
@Fig. 2~a!# or completely obturated@Fig. 2~b!#. Magnetic
measurements of the membranes with decorated pores~but
without the ferromagnetic cement! show that about 1% of the
pore surface in the membrane is occupied by the enca
lated Co nanoparticles, which corroborates the scann
electron microscopy~SEM! measurements.

In order to deduce the magnetoresistance produced by
carbon nanoparticles embedded in the electrodeposited
matrix, the measurements are compared to the results
tained on a homogeneous Co wire without particles. All m
surements are performed with the field perpendicular to
wire axis ~except if specified otherwise!. The transport and
magnetotransport properties of homogeneous Co wires h
been studied in detail in previous studies.13,18,19The impor-
tant point is that the magnetoresistance is due to the an
tropic magnetoresistance~AMR! only. There is hence no sig
nificant temperature dependence of the magnetoresist
hysteresis loop@see Fig. 3~a!#, except a variation of a few
percent due to modification of the magnetic configuration
low field. The amplitude of the AMR signal is due to th
difference between the resistance with the magnetization
pendicular to the current~i.e., magnetization along the satu
ration field, at about 4 T! and the magnetization parallel t
the current. The last configuration~magnetization aligned
uniformly along the wire axis! is due to the strong shap
anisotropy of the wire~aspect ratio about 100! and the rela-
tive homogeneity of the nanocrystallined Co. The whole p
file is hence very similar for all measured wires.

FIG. 2. Scanning electron microscopy micrographs of an alu
num oxide membrane with~a! decorated and~b! obturated pores.
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The general shape of the magnetoresistance hyste
loop ~measured with perpendicular fields! of Co nanowires
with carbon-encapsulated Co particles is also rather sim
to that of homogeneous Co nanowires. The lowest mag
torestistance, which corresponds to the magnetization
pendicular to the wire axis, is also obtained by applying
field above the saturation field. However, the configurat
with the magnetization aligned along the wire axis can
longer be obtained due to magnetic inhomogeneities.

Pinned domain walls reduce the effective magnetizat
which contributes to the AMR and lead to vortices or e
tended domain walls at low field. The complexity of th
magnetic configurations~vortices or extended domain walls!
appears at low field for small angles of the applied field w
respect to the wire axis@Fig. 3~b!#. Such complex structure
were never observed on single contacted homogeneous w
without nanoparticles. Due to these magnetization states
AMR hysteresis loop is then expected to be much sma
with the presence of nanoparticles inside the Co matrix. T
reproducibility and stability of the samples is excellent and
identical to the samples without nanoparticles.

Below the percolation threshold, when the section of
pores is not obturated, the presence of particles leads
GMR behavior no matter whether the particles are of type
or B. The GMR behavior is identified by the amplitude a
temperature dependence of the effect. TheI (V) curves show
no significant deviation from Ohm’s law. Figure 4 shows t
magnetresistance hysteresis loop at various temperature

i-

FIG. 3. ~a! Magnetoresistance hysteresis loop of a homogene
Co nanowire at various temperatures. The magnetic field is app
perpendicular to the wire axis. The magnetoresistance is take
DR/R5@R(H50 kOe)2R(H548 kOe)#/R(H548 kOe). ~b!
Close-up of the magnetoresistance of a Co nanowire decorate
Co particles encapsulated in graphitic carbon shells. The magn
field is applied at 50 with respect to the wire axis.
7-2
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BRIEF REPORTS PHYSICAL REVIEW B 65 012407
sample A@C-Co nanoparticles: Fig. 4~a!# and for sample B
@carbon onions: Fig. 4~b!#. The anisotropy is reduced o
modified with respect to the homogeneous Co wires. T
AMR is below 0.5%~measured at 300 K by assuming n
GMR contributions!, as expected. The MR is enhanced by
factor of about 6 between room temperature and 20 K. T
difference in the value of the GMR between samples A a
B, typically a factor of 2 here, is probably due to the diffe
ence in particle density inside the pores. The GMR is
same decreasing function of the temperatures for both ty
of samples, with a typical plateau from 2 K up toabout 20 K,
which coincides more or less with the residual resistiv
~inset, Fig. 4!. The non-normalizedDR(T) follows also the
temperature dependence of the GMR. The fact that b
samples have a comparable magnetoresistance shows th
nature of the particles~ferromagnetic versus nonferroma
netic! is not directly involved in the spin-flip scatterin
mechanism. This implies that spin diffusion is located at
near the surface of the particles, and the magnetic confi
rations~the constrained domain walls! necessary for spin dif-
fusion are due to the presence of the particles.

The GMR of samples of type A are about 3% from 12
down to 2 K. This value is measured with respect to
resistance of the whole 50mm wire. Since the particles fil
about 1% of the total pore volume, the optimization of t
process may lead to some hundreds of a percent of G
The possible mechanism involved here is that many cond
tion channels are in parallel@which can be observed in Fig
2~a!# and some of them are ballistic. The observed mag
toresistance would result from the strong ballistic magneto

FIG. 4. Magnetoresistance hysteresis loops of a Co nano
with nanoparticles measured at various temperatures. The fie
applied perpendicular to the wire axis. Insets: temperature de
dence of the resistivity at zero field.~a! Carbon-encapsulated C
particles and~b! carbon onions.
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sistance averaged out with the nonballisitic conduction ch
nels in parallel and also summed over many configuration
series.

Above the percolation threshold, when the section of
wire is obturated by the nanoparticles, the value of the re
tivity is very high~three orders of magnitude higher than th
of decorated pores!. The transport mechanism is clearly no
Ohmic as shown by our measurement of the tempera
dependence of the resistance and the differential conduct
~Fig. 5!. The 1/T dependence of the resistivity@Fig. 5~a!# was
already observed in a compact assembly of carbon onion20

ThedI/dV(V) profile @Fig. 5~b!# can be expected in the cas
of tunneling magnetoresistance.3 This non-Ohmic profile dis-
appears at about 20 K, and the resistivity remains cons
above this temperature.

re
is
n- FIG. 5. ~a! 1/T temperature dependence of the resistance~at
zero field! and ~b! differential conductance as a function of bia
voltage at 2 K.

FIG. 6. Magnetoresistance of cobalt onions embedded in a
nanowire measured atI 550 nA (Vbias52 mV). The resistance is
aboutR056 kV at T5300 K andR538 kV at 2 K.
7-3
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BRIEF REPORTS PHYSICAL REVIEW B 65 012407
The magnetoresistance, Fig. 6, is very similar to th
found in the Ohmic regime. A decreasing function of t
temperature is also obtained, but without the plateau syst
atically observed in Ohmic samples below 20 K. Such te
perature dependence has been predicted in the framewo
a granular tunneling magnetoresistance theory.21

The qualification of tunnelinglike magnetoresistance
then suggested by thedI/dV(V) andR(T) curves. However,
the hopping magnetoresistance, the ballistic magnetore
tance, or any non-Ohmic resistance with spin-depend
scattering may also account for both temperature depend
and I (V) measurements.22

In conclusion, we have measured the magnetoresista
properties of carbon nanoparticles embedded in Co na
wires. The nature~magnetic or nonmagnetic! of the embed-
ded nanoparticles plays no qualitative role in the magneto
ff,
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sistance behavior. This result implies that the magnetore
tance properties arise from the magnetic configurations in
vicinity of the nanoparticles, the constrained domain wa
and not from the spin-dependent transport properties thro
the particles. More surprisingly, although the density of
particles inside the nanowire is a crucial parameter for
electronic transport properties~defining the diffusive to hop-
ping or tunneling crossover!, the spin-dependent transpo
properties ~amplitude and shape! are not modified. This
study suggests that the magnetoresistance is due to ba
magnetoresistance~as observed in single ballistic conductio
channels10,11!, but averaged over many conduction channe

We are grateful to the Center Interde´partemental de Mi-
croscopie Electronique of EPFL~CIME-EPFL! for access to
electron microscopy facilities.
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