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Magnetoresistance of nanocontacts with constrained magnetic domain walls

J.-E. Wegrowe,* T. Wade, X. Hoffer, L. Gravier, J.-M. Bonard, and J.-Ph. Ansermet
Institut de Physique Expe´rimentale, Ecole Polytechnique Fe´dérale de Lausanne, CH-1015 Lausanne, Switzerland

~Received 22 July 2002; published 20 March 2003!

Spin-dependent transport was studied in single contacted granular nanowires composed of carbon encapsu-
lated magnetic nanoparticles embedded in a Co or permalloy matrix. A large variety of magnetoresistance
~MR! signals were measured. The ratio of the maximum variation of the resistance as a function of the
magnetic field over the minimum resistanceDR/Rmin ranges from a few to 10 000 %. Characterization of the
samples was performed, including hysteresis loops as a function of the amplitude and angle of the applied
magnetic field, temperature, as well asI -V characteristics and relaxation time. The huge MR signals are
probably associated with a reversible mechanical change of the structure of the matrix close to a conduction
channel. When this huge magnetomechanical effect is avoided, a change of the transport regime is observed,
and ballistic MR of some tens of percents can be measured.

DOI: 10.1103/PhysRevB.67.104418 PACS number~s!: 75.60.Ch, 75.47.De, 72.15.Gd
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I. INTRODUCTION

The study of the physical properties of nanocontacts
key issue of spintronics.1 At the nanoscopic scale, any con
tact is a junction characterized by the nature of the coup
to the reservoirs of energy, particles, charge, pressure,
polarized electron, etc.2 If the contact is ferromagnetic, o
near a ferromagnetic layer, the spin polarization of the e
trons plays an important role, and leads to the large variet
effects exploited in spintronics. The measurement of the
sistance as a function of the magnetic field, i.e. the mag
toresistance, is intensively used to study the physical pro
ties of junctions with well defined magnetic configuration
Well-known examples are tunnelling junctions giving rise
tunnelling magnetoresistance~TMR!,3–5 ferromagnetic/
metal/ferromagnetic junctions giving rise to giant magn
toresistance~GMR!,6–9 or spin injection in semiconductor
ferromagnetic junctions. If the size of the contact
nanometric or subnanometric, a ballistic junction~BJ! is ex-
pected. In the presence of constrained magnetic dom
walls at the scale of the junction,10,11 a new type of magne
toresistance must then be considered, namely, ballistic m
netoresistance~BMR!. Experimental works were publishe
recently, all in form of letters.12–15Very large magnetoresis
tances were measured, of the order of some few 100%.

The motivation of the present work is to study ballis
junctions obtained by the method of electrodeposition of
and permaloy (Ni81Fe19) matrix in nanoporous membran
templates, previously filled with cobalt magnet
nanoparticles16 encapsulated by a carbon shell. Althou
only a single nanowire is contacted in the membrane,
sample is a circuit composed of many junctions.

Three different mechanisms can be invoked to desc
the transport in our samples.

~I! Diffusive junctions~DJ!, where the nanoparticles pla
the role of pinning centers of constrained magnetic dom
walls. The transport is diffusive~see Ref. 16!, and GMR-like
magnetoresistance is expected.

~II ! Tunnelling junctions~TJ!. The Co or permaloy matrix
plays the role of leads. Two scenarii are then possible: ei
the carbon shell of the nanoparticles plays the role of iso
0163-1829/2003/67~10!/104418~7!/$20.00 67 1044
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ing junctions or a small bridge or a hole in the Co or P
malloy structure plays the role of an insulating barrier. TM
like magnetoresistance is expected.16

~III ! Ballistic junctions~BJ!. Ballistic channels between
two carbons encapsulated particles are connected to C
Permalloy leads. BMR magnetoresistance is expected.

Four systematic characterizations are available at
nanoscopic scale, namely, the temperature dependence o
resistanceR(T), the magnetoresistanceR(H), the I -V char-
acteristics and the time response of the resistanceR(t). The
direct magnetic measurements~with usual magnetometers!
are not available since the signals to be measured are o
order of 10216 A m2 (10213 emu).

II. FABRICATION METHOD

Magnetic Co particles encapsulated in graphitic carb
shells are prepared by an arc discharge technique, and
structural and magnetic properties of the particles have b
described in Ref. 17. Electron microscopy shows that
particles are mainly monocrystalline and covered by three
five graphitic shells. The mean diameter of the nanopartic
is 13.5 nm in the present case, with a dispersion of abo
nm @Fig. 1~a!#. The magnetization of a single particle
about 1.8310218 A m2. The blocking temperature is abou
300 K, so that the particles do not have a superparamagn
behavior in the temperature range of our experiments.

The nanowires are prepared in two main steps. First,
pores of a polycarbonate microfiltration membrane are fil
with nanoparticles. The nanoparticles are dispersed in e
nol and driven into the pores by magnetophoretic deposi
in a field of a 1 T magnet. Second, a metallic Co, or Perm
loy matrix is electrodeposited in the pores, and a single na
wire is contacted by the method described in Refs. 19,
The obtained nanowires are 6mm long with a diameter of
about 35 nm.

Transmission electron microscopy of the wires@Fig. 1~a!#
reveals that the particles are densely compacted inside
pores. In a previous study16 where carbon onions were use
~particles composed by concentric carbon shells!, we have
shown that the GMR, or TMR-like magnetoresistance w
©2003 The American Physical Society18-1
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not due to the internal magnetic part of the particles,
either to surface scattering or due to the surrounding Co
permalloy magnetization. Consequently, the fact that p
ticles are magnetized does not play a crucial role in the m
netoresistance in a first approach. This point will be d
cussed further below.

III. HUGE MAGNETORESISTANCE

The main feature of our nanocomposites is the colos
amplitude of the magnetoresistance measured at room
perature. The variations of the resistance are clearly rel
to the magnetization states. Different samples measure
room temperature are presented in Figs. 2–5.

The hysteresis are measured with a current of about 1mA
and with a magnetic field swept with a velocity of about
Oe/sec. The angle of the applied field is perpendicular to
wire axis ~except in Fig. 5!. The sign of the magnetoresis
tance depends on the state of the sample, which can be m
fied with temperature or high current injection~e.g., 1 mA
pulse!. At fixed temperature, the hysteresis loops are sta
and can be repeated many times. However, as shown in
2, at ;64.5 kOe, a slow relaxation is responsible for t

FIG. 1. ~a! Transmission electron microscopy of a wire aft
dissolution of the membrane. The compacted nanoparticles
maintained together by the Co matrix.~b! Two neighboring par-
ticles are schematised with the magnetic configuration at zero
ternal field, after saturation in a field perpendicular to the wire a

FIG. 2. Sample A. Magnetoresistance hysteresis loop with p
tive magnetoresistance. The magnetoresistance jumps by a f
500 ~about 50 000% MR!.
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typical humps observed~see below!, which lead eventually
to the decrease of the signal. In Fig. 4, the high field stat
14 800V relaxes to the state at 17 000V and the zero field
state at 18 500V relaxes to 22 500V in a typical time of
some few hours. It can also happen that the system freez
a stable state, e.g., the higher resistance state of Fig. 2.

The I -V characteristics~non Ohmic! and the temperature
dependence@jumps in theR(T) profile# are discussed below
in the next section.

The second characteristic feature of such huge magne
sistance, is the dependence to the angle of the applied fi
Figure 5 shows that the sign of the magnetoresistance ca
changed with 90° rotation of the magnetization.

We discuss now the possible role of magnetostriction
the cause of the large MR. It is known that the hcp c axis
Co electrodeposited in nanowires is often perpendicula
the wire axis.20 Let us assume that it is the case for t
sample shown in Fig. 5. If the hysteresis loop is perform
with the applied field at 90° to the wire axis, the magnetiz
tion of the matrix is oriented also perpendicular to the w
axis at zero external field. Due to the strong dipole field,
carbon-encapsulated particles are oriented along the s
axis and in the opposite direction. There is no magnetost
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FIG. 3. Sample B. Magnetoresistance hysteresis loop with ne
tive magnetoresistance. The magnetoresistance is about 10 00

FIG. 4. Sample C. Magnetoresistance hysteresis loop. The m
netoresistance is about 52%.
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tion in this case@see Fig. 1~b!#. On the other hand, if the
hysteresis loop is performed with the applied field paralle
the wire axis, the magnetization of the matrix and the carb
encapsulated particles are oriented along the wire axis at
external field. The magnetostriction is maximum in this ca
with a relative constriction of24231026. However, it is not
sufficient to account for a variation of a fraction of nm~five
Co segments of 5 nm lead to a constriction of about 1023 nm
in the diameter, and 1000 segments leads to 0.2 nm cons
tion in the length!. At least 1 nm displacement is necessary
order to account for a factor ten in the resistance. This c
responds to the obstruction or opening of one to ten cond
tion channels. A direct magnetostriction effect is hence
able to account for such signals.

Furthermore, the hypothesis of a magnetostrictive effec
invalidated by the same measurements performed with
malloy samples. Figure 6 shows the magnetoresistance
permalloy sample measured with the same protocol than
of the Co matrix sample shown in Fig. 5. The behavior
totally similar, with about 250% of magnetoresistance with
much smaller resistance~150 V in the lowest state!. Taking
into account that the magnetostriction is much smaller
permalloy than in Co, and that the crystallinity is very d
ferent~very small crystallites or amorphous structure!, mag-

FIG. 5. Sample E. Magnetoresistance hysteresis loop at ang
the applied field~a! 90° ~two successive loops! and ~b! 0°, with
respect to the wire axis. The magnetoresistance is about 150
The lower state is about 5 kV and the upper state is about 60
80 kV.
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netostriction effects should not be observed, or at leas
qualitatively different than that observed for Co matri
which is not the case.

IV. RELAXATION AND JUMPS

The presence of relaxation between metastable states~Fig.
7! is the third main characteristic of such huge magneto
sistance. The system undergoes transitions from one sta
the other at well-defined values of the external field. T
slow relaxation has been measured in some of the sam
either by changing suddenly the field from saturation~8 kOe!
down to zero, or by changing the angle of the applied sa
ration field from 45° to 130°@Fig. 5~b!#.

The magnetization reversal of a single encapsulated
nanoparticles below the blocking temperature is a sud
jump occurring at the subnanosecond time scale. The m
netization reversal of a full homogeneous Co~or permalloy!
nanowire containing domain walls is also an event occurr
within some tens of nanoseconds21 ~say some 100 ns in the

of

%.

FIG. 6. Pore filled with permalloy matrix. Magnetoresistan
hysteresis loop at angle of the applied field~a! 90° and~b! 0°, with
respect to the wire axis. The magnetoresistance is about 250%
8-3
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case of highly disordered wires!. Consequently, the slow re
laxation observed in Fig. 7~b! cannot be produced by th
magnetic relaxation of the ferromagnetic matrix of the wi
If the magnetization reversal is averaged on an ensemb
ideally identical particles~or equivalently many times on th
same particle! the relaxation is an exponential with a rela
ation timetsw which is given by an Ahrrenius-like behavio
~Neel-Brown-Coffey law22!. If, furthermore, the potential en
ergy barrier is given by a large distribution of such sube
sembles, the relaxation is close to a logarithmic behav
These features are also valid in the case of structural re
ation of atoms, aggregate or dislocations. The relaxation
some hundreds of Co layers in the wire~studied, e.g., in Ref.
23! are also not sufficient to justify the logarithmic relaxatio
observed in Fig. 7~b!. Furthermore, since the junction is lo
calized between two nanoparticles, the signal is measure
this scale, and only some few particles are involved. Con
quently, the relaxation is probably not due to magnetic rel
ation, but to displacement of matter near the active junct

FIG. 7. Sample D.~a! Magnetoresistance hysteresis loop. T
magnetoresistance is about 50%.~b! The same sample at 45° in
saturation field of 7 kOe. Att530 s the sample was rotated fro
45° to 130° initiating a logarithmic decay. Inset: typical structu
with avalanches.
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The interpretation in terms of an elasticity effect is co
roborated by an other characteristic behavior, observed
nearly all samples, which is the presence of sharp transit
of the resistance as a function of the temperature~that is, at
constant magnetic configuration!. The transition is evidenced
by a high jump in the conductivity of a factor 2 to a factor 1
~Fig. 8!. The most important feature of these jumps, whi
justify the term of transition, is that they are reversible
hysteretic. If the transition is performed by cycling the tem
perature over some few K below and above the transiti
the transition temperatureTt measured by sweeping the tem
perature up and down is very stable~few K variations shown
in the inset of in Fig. 8. A hysteresis can often be observe
the temperature variation is larger. The transition tempera
Tt can be shifted by zero field cooling and field heati
~ZFC/FC! loops. As shown in Fig. 8~b!, the jump can also be
produced by injecting high current density~few 100mA).
As shown in Fig. 7~b! the rotation of the external magnet
field can also responsible for the transition.

The transitions observed as a function of the tempera
seems to be related to the one observed as a function o
magnetic field. Since the thermoelastic coefficient is rat

FIG. 8. Resistance as a function of the temperature for
samples~a! presented in section V and~b! in Fig. 9. Inset: The
transition is performed by cycling the temperature within 10 K.~b!
Hysteresis behavior of the resistance as a function of the temp
ture. The hysteresis is provoked by high current injection. The v
tical bars shows the variation of resistance measured as a fun
of the current within61 mA.
8-4
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high (a5431026 K21) such behavior can be expected
the framework of the hypothesis of a magnetomechan
interpretation. The change occurs suddenly by discrete
placement of matter after a given amount of accumula
stress. Note that in the case of transitions due to tempera
variations, the transition occurs without change of the m
netic configuration.

More information about the nature of this transition c
be obtained by performingI -V characteristics~Fig. 9!. The
low resistance regime~e.g., below 100V resistance! is ap-
parently Ohmic. High resistance regime is strongly no
Ohmic, with all degrees in between.

The amplitude of the resistance, and theI -V characteristic
~Fig. 8! is compatible with the hypothesis of tunnelling jun
tion effects. Taking into account that there is no oxide in
wire ~due to the reduction during electrodeposition!, the non-
Ohmic process occurs either through the carbon shells
tween the ferromagnetic matrix and the Co nanopartic
either through holes in the structure of the Co matrix. It
possible to imagine some very small bridges, which can
broken reversibly, as in controllable break junction expe
ments~CBJ!.12,13,24Unfortunately, this presence of holes

FIG. 9. Resistance as a function of the current at tempera
170 K before~A! and after~B! the hysteretic jump shown in Fig
8~b!.

FIG. 10. Sample I. Magnetoresistance hysteresis loops meas
at 2 K.
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bridges of the Co or permalloy matrix cannot be tested w
transmission microscopy because the wires are destro
precisely at such structural defaults during the dissolution
the membrane. Note, however, that the electrodeposi
time of the Co~few seconds! is very different from that of
permalloy ~few hundred seconds!, so that it is unlikely to
have the same kind of holes in the two matrices.

These observations indicate that an indirect effect may
considered, where the magnetostatic forces between the
ticles or between particles and matrix leads to reversible
placement of matter in the system that obturates~or opens!
some conduction channels. This movement of matter is pr
ably also favored by electrostatic effects.

V. BALLISTIC MAGNETORESISTANCE

BMR signal can be measured only if nanomechanical
fects can be ruled out. Such signals have been measure
some samples with small resistance. The small resista
guaranties that there is no tunnel barriers, and hence
structural defects, like holes in the Co matrix. Figures 10 a
11 show magnetoresistance hysteresis loops measured a

re

red

FIG. 11. Sample I. Magnetoresistance hysteresis loops meas
at two different temperatures, above (T5290 K) and below (T
5279 K) the transition.~a! Both hysteresis are plotted on the sam
scale.~b! The left scale corresponds toT5290 K, and the right
scale corresponds to the measure atT5279 K.
8-5
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J.-E. WEGROWEet al. PHYSICAL REVIEW B 67, 104418 ~2003!
ferent temperature. There are no relaxation effects here
signal is perfectly stable and reproducible. The character
profile of the hysteresis is qualitatively different from that
the huge MR shown in the first section. The hysteresis is w
defined, with a coercive field varying from about 5 to 2 kO
between 2 and 300 K, as expected for electrodeposited
The general behavior of the MR is similar to that of a trilay
pillar of Co/Cu/Co with 10 nm thicknesses of the laye
electrodeposited in a single wire.25 This similarity suggests
that dipole interaction, between two well-defined magne
domains~e.g., the Co encapsulated in the carbon shells!, is
responsible for the signal. The maximum amplitude of
magnetoresistance measured in electrodeposited Co/C
trilayers wasDR51V. In the present samples the magn
toresistance ranges fromDR535V ~at 2 K! to DR5250V
~at 279 K!, leading toDR/Rmin520% at 2 K, 25% at 25 K,
35% at 160 K, and 60% at 279 K. This surprising decreas
DR with increasing the temperature is not understood.

The most important feature of this type of MR~Fig. 11! is
that the amplitude of the magnetoresistance is changing d
tically, 6% above the transition temperatureTt , and 60% just
below Tt , while the successive magnetic configurations o
served in the hysteresis loop are unchanged. Figure 1~b!
shows the superimposition of the two signals on differ
scales. We found that the change in the magnetoresistan
due to the change of the transport regime.

Evidence of the ballistic character of the conduction
gime belowTt is shown in Fig. 12~sample D!. Note, how-
ever, that this quantization of the resistance atR'26 kV
may be a coincidence since it is unlikely to have only o
junction ballistic~or tunneling!, and all the other junctions in
series diffusive ~i.e., negligibly small with respect to

*Present address: LSI, Ecole Polytechnique, 91128 Palaiseau
dex, France. Email address: wegrowe@hp1sesi.polytechniqu

1G.A. Prinz, Science282, 1660~1998!.
2C. Joachim, J.C. Gimzewski, and A. Aviram, Nature~London!

408, 541 ~2000!.
3J. S. Moodera, L.R. Kinder, T. M. Kinder, T. M. Wing, and R

Meservey, Phys. Rev. Lett.74, 3273~1995!.

FIG. 12. Some jumps, similar to those observed in Figs. 2 –5
plotted as a function of the conductance quantizatione2/h.
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13 kV). The resistance of the other junctions in series can
seen at 4G0 and at 10 or 11G0. Note that, as already ob
served~and expected!,26 the conductance quantization und
field is G0/25e2/h and notG052e2/h as in usual metallic
structures.

VI. CONCLUSION

Circuits of nanoscopic junctions with constrained ma
netic domain walls have been obtained by magnetophor
deposition of nanoparticles in porous membranes, follow
by electrodeposition of Co or permalloy matrix. Magne
domain walls, constrained at a typical scale of some f
nanometers are induced between the particles by the st
dipole interactions and pinning centers. Very high mag
toresistance signals related to the magnetic configurat
have been measured systematically in samples with high
sistance. The amplitude of the signals, the relaxation p
cesses, and the dependence of the angle of the applied
tend to show that this effect is due to reversible displacem
of matter ~i.e., elasticity! close to conduction channels o
tunnelling barriers. The elasticity is not produced by mag
tostriction. The resistance as a function of the tempera
shows that a similar signal appears initiated by thermoela
effect. Magnetostatic forces~strong dipole and multipole in-
teractions! and electrostatic forces must be invoked in ord
to account for the observed effects. This nano-mechan
aspect of the samples must be studied further as suc
forthcoming measurements.

On the other hand, the strong nanomechanical effects
be ruled-out in some samples~e.g. in samples with smal
resistance, and no relaxation effects, i.e., without tunne
barrier!. A magnetoresistance signal of some tens of perce
~60% close to room temperature!, has been observed. Th
signal is very similar to that of usual CPP giant magneto
sistance measured, e.g., in Co/Cu/Co pillars, except the
high amplitude for nanoscopic junctions. Some eviden
shows that the appearance of the giant magnetoresistan
related to a change in the conduction regime from diffus
to ballistic. This seems to indicate that the observed sign
are due to ballistic magnetoresistance.
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