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Magnetoresistance of nanocontacts with constrained magnetic domain walls
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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 resistand&/R,,;, 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 B4/ 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.
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[. INTRODUCTION ing junctions or a small bridge or a hole in the Co or Per-
malloy structure plays the role of an insulating barrier. TMR-
The study of the physical properties of nanocontacts is dike magnetoresistance is expectéd.
key issue of spintronicsAt the nanoscopic scale, any con-  (lll) Ballistic junctions(BJ). Ballistic channels between
tact is a junction characterized by the nature of the couplingwo carbons encapsulated particles are connected to Co or
to the reservoirs of energy, particles, charge, pressure, spfermalloy leads. BMR magnetoresistance is expected.
polarized electron, eftlf the contact is ferromagnetic, or Four systematic characterizations are available at this
near a ferromagnetic layer, the spin polarization of the elecnanoscopic scale, namely, the temperature dependence of the
trons plays an important role, and leads to the large variety ofesistanceR(T), the magnetoresistané¥H), thel-V char-
effects exploited in spintronics. The measurement of the reacteristics and the time response of the resist&(¢g. The
sistance as a function of the magnetic field, i.e. the magnedirect magnetic measuremeritsith usual magnetometers
toresistance, is intensively used to study the physical propegre not available since the signals to be measured are of the
ties of junctions with well defined magnetic configurations.order of 10 ® Am? (10”3 emu).
Well-known examples are tunnelling junctions giving rise to
tunnelling magne'tor'esist'ance(Tll\/I.R),3"5 ferromagnetic/ Il FABRICATION METHOD
metal/ferromagnetic junctions giving rise to giant magne-
toresistancGMR),®= or spin injection in semiconductor/ Magnetic Co particles encapsulated in graphitic carbon
ferromagnetic junctions. If the size of the contact isshells are prepared by an arc discharge technique, and the
nanometric or subnanometric, a ballistic juncti@d) is ex-  structural and magnetic properties of the particles have been
pected. In the presence of constrained magnetic domaidescribed in Ref. 17. Electron microscopy shows that the
walls at the scale of the junctidfi!'a new type of magne- particles are mainly monocrystalline and covered by three to
toresistance must then be considered, namely, ballistic madive graphitic shells. The mean diameter of the nanoparticles
netoresistancéBMR). Experimental works were published is 13.5 nm in the present case, with a dispersion of about 8
recently, all in form of letterd?>~*®Very large magnetoresis- nm [Fig. 1(a@)]. The magnetization of a single particle is
tances were measured, of the order of some few 100%. about 1.8<10 '8 Am?. The blocking temperature is about
The motivation of the present work is to study ballistic 300 K, so that the particles do not have a superparamagnetic
junctions obtained by the method of electrodeposition of Cdehavior in the temperature range of our experiments.
and permaloy (NjFe;g) matrix in nanoporous membrane  The nanowires are prepared in two main steps. First, the
templates, previously filled with cobalt magnetic pores of a polycarbonate microfiltration membrane are filled
nanoparticle® encapsulated by a carbon shell. Althoughwith nanoparticles. The nanoparticles are dispersed in etha-
only a single nanowire is contacted in the membrane, th@ol and driven into the pores by magnetophoretic deposition

sample is a circuit composed of many junctions. in a field of a 1 T magnet. Second, a metallic Co, or Permal-
Three different mechanisms can be invoked to describéoy matrix is electrodeposited in the pores, and a single nano-
the transport in our samples. wire is contacted by the method described in Refs. 19,18.

() Diffusive junctions(DJ), where the nanoparticles play The obtained nanowires aregm long with a diameter of
the role of pinning centers of constrained magnetic domairmbout 35 nm.
walls. The transport is diffusivesee Ref. 1§ and GMR-like Transmission electron microscopy of the wit€sg. 1(a)]
magnetoresistance is expected. reveals that the particles are densely compacted inside the
(1) Tunnelling junctiongTJ). The Co or permaloy matrix pores. In a previous stutfywhere carbon onions were used
plays the role of leads. Two scenarii are then possible: eitheiparticles composed by concentric carbon sheliee have
the carbon shell of the nanoparticles plays the role of isolatshown that the GMR, or TMR-like magnetoresistance was
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FIG. 1. (a) Transmission electron microscopy of a wire after 0
dissolution of the membrane. The compacted nanoparticles are 8 -8 4 2 0 2 4 6 8
maintained together by the Co matritb) Two neighboring par- FIG. 3. Sample B. Magnetoresistance hysteresis loop with nega-
ticles are schematised with the magnetic configuration at zero exjye magnetoresistance. The magnetoresistance is about 10 000%.
ternal field, after saturation in a field perpendicular to the wire axis.

] ) ] typical humps observetsee beloy, which lead eventually
not due to the internal magnetic part of the particles, buty the decrease of the signal. In Fig. 4, the high field state at
either to surface scattering or due to the surrounding Co 0{4 8000 relaxes to the state at 17 00D and the zero field
permalloy magnetization. Consequently, _the fac_t that parsiate at 1850@) relaxes to 22 50Q) in a typical time of
ticles are magnetized does not play a crucial role in the magsome few hours. It can also happen that the system freezes in
netoresistance in a first approach. This point will be dis-5 gtaple state, e.g., the higher resistance state of Fig. 2.

cussed further below. The |-V characteristicsnon Ohmid and the temperature
dependencgumps in theR(T) profile] are discussed below,
I1l. HUGE MAGNETORESISTANCE in the next section.

The main feature of our nanocomposites is the colossal. The second characteristic feature of such huge magnetore-

amplitude of the magnetoresistance measured at room te Istance, is the depender_lce to the angle of the_ applied field.
perature. The variations of the resistance are clearly relate jgure 5 shows that the sign of the magnetoresistance can be

to the magnetization states. Different samples measured g ?/Ugeddisvc\;/:}?sgr?ov\cq[tr?gOnog;g;: ?cq)?egg?tzgmr)\g'tostriction as
foom temperature are presented in Figs. 2-5. the cause of the large MFI)? It is known that t%e hcp ¢ axis of
The hysteresis are measured with a current of abquil jarge : : . pc
: e . . Co electrodeposited in nanowires is often perpendicular to
and with a magnetic field swept with a velocity of about 10 . 50 g
S e : he wire axis®® Let us assume that it is the case for the
Oe/sec. The angle of the applied field is perpendicular to théam le shown in Eia. 5. If the hvsteresis loop is performed
wire axis (except in Fig. 5. The sign of the magnetoresis- P 9. > y p1sp

tance depends on the state of the sample, which can be mo ith the applied_ “?'d at 90° to the wire axig, the magnetiz_a-
fied with temperature or high current injécti(ﬁe g. 1 mA ion of the matrix is oriented also perpendicular to the wire

pulse. At fixed temperature, the hysteresis loops are stabl&XS at zero exteral fleld._Due b strong dipole field, the
arbon-encapsulated particles are oriented along the same

and can be repeated many times. However, as shown in Fi xis and in the opposite direction. There is no magnetostric-
2, at ~*=4.5 kOe, a slow relaxation is responsible for the PP ' 9
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FIG. 2. Sample A. Magnetoresistance hysteresis loop with posi-
tive magnetoresistance. The magnetoresistance jumps by a factor FIG. 4. Sample C. Magnetoresistance hysteresis loop. The mag-
500 (about 50 000% MR netoresistance is about 52%.
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FIG. 5. Sample E. Magnetoresistance hysteresis loop at angle o
the applied field(a) 90° (two successive loopsand (b) 0°, with 7
respect to the wire axis. The magnetoresistance is about 1500%

The lower state is about 5(k and the upper state is about 60 to 150
-10 5 0 5 10
80 k(). (b)

tion in this casgsee Fig. 1)]. On the other hand, if the FIG. 6. Pore filled with permalloy matrix. Magnetoresistance
hysteresis loop is performed with the applied field parallel tohysteresis loop at angle of the applied fiedi90° and(b) 0°, with
the wire axis, the magnetization of the matrix and the carbor€SPect to the wire axis. The magnetoresistance is about 250%
encapsulated particles are oriented along the wire axis at zero
external field. The magnetostriction is maximum in this casenetostriction effects should not be observed, or at least be
with a relative constriction of 42x 10" ¢. However, itis not  qualitatively different than that observed for Co matrix,
sufficient to account for a variation of a fraction of ffive ~ Which is not the case.
Co segments of 5 nm lead to a constriction of about16m
in the diameter, and 1000 segments leads to 0.2 nm constric-
tion in the length. At least 1 nm displacement is necessary in
order to account for a factor ten in the resistance. This cor- The presence of relaxation between metastable Staigs
responds to the obstruction or opening of one to ten conduc?) is the third main characteristic of such huge magnetore-
tion channels. A direct magnetostriction effect is hence nosistance. The system undergoes transitions from one state to
able to account for such signals. the other at well-defined values of the external field. The
Furthermore, the hypothesis of a magnetostrictive effect islow relaxation has been measured in some of the samples,
invalidated by the same measurements performed with Peeither by changing suddenly the field from saturati®kOe
malloy samples. Figure 6 shows the magnetoresistance ofdown to zero, or by changing the angle of the applied satu-
permalloy sample measured with the same protocol than thaation field from 45° to 130{Fig. 5b)].
of the Co matrix sample shown in Fig. 5. The behavior is The magnetization reversal of a single encapsulated Co
totally similar, with about 250% of magnetoresistance with ananoparticles below the blocking temperature is a sudden
much smaller resistandd50 () in the lowest state Taking  jump occurring at the subnanosecond time scale. The mag-
into account that the magnetostriction is much smaller imetization reversal of a full homogeneous ©o permalloy
permalloy than in Co, and that the crystallinity is very dif- nanowire containing domain walls is also an event occurring
ferent(very small crystallites or amorphous structun@ag- ~ within some tens of nanosecofti§¢say some 100 ns in the

IV. RELAXATION AND JUMPS
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F ] samples(a) presented in section V an@) in Fig. 9. Inset: The
Y —— L R R S N transition is performed by cycling the temperature within 10.
10 t [seconds] 1000 Hysteresis behavior of the resistance as a function of the tempera-

ture. The hysteresis is provoked by high current injection. The ver-
FIG. 7. Sample D(a) Magnetoresistance hysteresis loop. Thetical bars shows the variation of resistance measured as a function
magnetoresistance is about 508) The same sample at 45° in a of the current within=1 mA.
saturation field of 7 kOe. At=30 s the sample was rotated from
45° to 130° initiating a logarithmic decay. Inset: typical structure

X The interpretation in terms of an elasticity effect is cor-
with avalanches.

roborated by an other characteristic behavior, observed on
nearly all samples, which is the presence of sharp transitions
case of highly disordered wiresConsequently, the slow re- of the resistance as a function of the temperafthat is, at
laxation observed in Fig.(B) cannot be produced by the constant magnetic configuratiohe transition is evidenced
magnetic relaxation of the ferromagnetic matrix of the wire.by a high jump in the conductivity of a factor 2 to a factor 10

If the magnetization reversal is averaged on an ensemble @Fig. 8). The most important feature of these jumps, which
ideally identical particlesor equivalently many times on the justify the term of transition, is that they are reversible or
same patrticlpthe relaxation is an exponential with a relax- hysteretic. If the transition is performed by cycling the tem-
ation time 7,, which is given by an Ahrrenius-like behavior perature over some few K below and above the transition,
(Neel-Brown-Coffey la). If, furthermore, the potential en- the transition temperatufg, measured by sweeping the tem-
ergy barrier is given by a large distribution of such suben-erature up and down is very staltfew K variations shown
sembles, the relaxation is close to a logarithmic behaviorin the inset of in Fig. 8. A hysteresis can often be observed if
These features are also valid in the case of structural relaxhe temperature variation is larger. The transition temperature
ation of atoms, aggregate or dislocations. The relaxation of; can be shifted by zero field cooling and field heating
some hundreds of Co layers in the wigtudied, e.g., in Ref. (ZFC/FQ loops. As shown in Fig. ®), the jump can also be
23) are also not sufficient to justify the logarithmic relaxation produced by injecting high current densitfew 100 uA).
observed in Fig. (b). Furthermore, since the junction is lo- As shown in Fig. Tb) the rotation of the external magnetic
calized between two nanoparticles, the signal is measured &eld can also responsible for the transition.

this scale, and only some few particles are involved. Conse- The transitions observed as a function of the temperature
quently, the relaxation is probably not due to magnetic relaxseems to be related to the one observed as a function of the
ation, but to displacement of matter near the active junctionmagnetic field. Since the thermoelastic coefficient is rather
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FIG. 9. Resistance as a function of the current at temperature
170 K before(A) and after(B) the hysteretic jump shown in Fig. R(Q)
8(b). = 1-200 K| |_*_1-279 K]
74 600

high (a=4x10 ¢ K1) such behavior can be expected in
the framework of the hypothesis of a magnetomechanical
interpretation. The change occurs suddenly by discrete dis
placement of matter after a given amount of accumulated
stress. Note that in the case of transitions due to temperatur
variations, the transition occurs without change of the mag- !
netic configuration. 70
More information about the nature of this transition can
be obtained by performing-V characteristic§Fig. 9). The
low resistance regimée.g., below 10Q) resistancgis ap- H(kOe) ceed
parently Ohmic. High resistance regime is strongly non- 8%, "~ = = T ve00 soce
Ohmic, with all degrees in between.
The amplitude of the resistance, and th¢ characteristic FIG. 11. Sample I. Magnetoresistance hysteresis loops measured
(Fig. 8) is compatible with the hypothesis of tunnelling junc- at two different temperatures, abov& %290 K) and below T
tion effects. Taking into account that there is no oxide in the=279 K) the transition(a) Both hysteresis are plotted on the same
wire (due to the reduction during electrodeposijiche non- scale.(b) The left scale corresponds =290 K, and the right
Ohmic process occurs either through the carbon shells b@cale corresponds to the measurd at279 K.
tween the ferromagnetic matrix and the Co nanoparticles,
either through holes in the structure of the Co matrix. It isbridges of the Co or permalloy matrix cannot be tested with
possible to imagine some very small bridges, which can b&ansmission microscopy because the wires are destroyed
broken reversibly, as in controllable break junction experi-Precisely at such structural defaults during the dissolution of
ments(CBJ).lz*l?"Z“Unfortunately, this presence of holes or the membrane. Note, however, that the electrodeposition
time of the Co(few secondgsis very different from that of

72

500

MR=60%

400

215 ‘ permalloy (few hundred secongisso that it is unlikely to
R(Q) & T2 K have the same kin_d of _hol_es in the two mgtrices.

210 1 b = These observations indicate that an indirect effect may be

205/ ‘ considered, where the magnetostatic forces between the par-
‘ ticles or between particles and matrix leads to reversible dis-

200} J placement of matter in the system that obturdtasopen$

el ¥ some conduction channels. This movement of matter is prob-

Pl ably also favored by electrostatic effects.

190 g

185] ki s fvve V. BALLISTIC MAGNETORESISTANCE

180 g B e BMR signal can be measured only if nanomechanical ef-

- TN ey fects can be ruled out. Such signals have been measured in

720 -15 -10 -5 H(kOe) 5 10 15 20 some samples with small resistance. The small resistance
guaranties that there is no tunnel barriers, and hence, no

FIG. 10. Sample I. Magnetoresistance hysteresis loops measur&dructural defects, like holes in the Co matrix. Figures 10 and
at 2 K. 11 show magnetoresistance hysteresis loops measured at dif-
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10 *—saﬂ_? ‘ 13 k). The resistance of the other junctions in series can be
seen at &, and at 10 or 1G,. Note that, as already ob-
) / served(and expecte)d26 the conductance quantization under
/ field is Go/2=e?/h and notGy=2e?/h as in usual metallic
— / structures.
<6
k) / VI. CONCLUSION
©4 ‘L"'—'—f Circuits of nanoscopic junctions with constrained mag-
/ netic domain walls have been obtained by magnetophoretic
2 f deposition of nanoparticles in porous membranes, followed
by electrodeposition of Co or permalloy matrix. Magnetic
0 T(K) ‘ domain walls, constrained at a typical scale of some few
150 200 250 300 350 nanometers are induced between the particles by the strong

rdipole interactions and pinning centers. Very high magne-
foresistance signals related to the magnetic configurations
have been measured systematically in samples with high re-

ferent temperature. There are no relaxation effects here, thSéStance' The amplitude of the signals, the relaxation pro-

signal is perfectly stable and reproducible. The characteristi essfs, z;\]nd ttrr‘]e tdtﬁpen#entcg gf thte angle Qtf)lthg. aplplled f'EItd
profile of the hysteresis is qualitatively different from that of e%n 0 SNOW al IS € e(i IS dueto r(e;verg € h'Sp a<|:emen
the huge MR shown in the first section. The hysteresis is wel matter (|.e.,. elasticity c ose to conduction channels or
defined, with a coercive field varying from about 5 to 2 kOe unngll!ng barriers. The elasticity is not produced by magne-
between 2 and 300 K, as expected for electrodeposited CE)OSU'CUO”' Thg rg&stance as a fun.ctllc.)n of the temperature
The general behavior of the MR is similar to that of a trilayershows that a similar signal appears initiated by thermoelastic

pillar of Co/Cu/Co with 10 nm thicknesses of the layers effect._ Magnetostatic forc_e(strong dipole an(_j multipqle in-
electrodeposited in a single Wite This similarity suggests "teraction$ and electrostatic forces must be invoked in order

that dipole interaction, between two well-defined magnetict0 account for the observed effects. This nano-mechanical

domains(e.g., the Co encapsulated in the carbon shelis aspect qf the samples must be studied further as such in
forthcoming measurements.

responsible_for the signal. The_ maximum amplitude of the On the other hand, the strong nanomechanical effects can
magnetoresistance measured in electrodeposited Co/Cu/%o ’

trilayers wasAR=1(). In the present samples the magne- € ruled-out in some samplds.g. in samples with small

; n _ resistance, and no relaxation effects, i.e., without tunneling
t(g;ezs;sgtall)]cfegz?r?gefoz%?g _ 3:5?0(;? ta% ZK)KtOZé‘;J ;tZSZCEf)K barrien. A magnetoresistance signal of some tens of percents
1 min™ ’ ’

0 )
35% at 160 K, and 60% at 279 K. This surprising decrease o 60/0 c;lose to room temperatyrenas been qbserved. This
AR with increasing the temperature is not understood signal is very similar to that of usual CPP giant magnetore-
The most important feature of this type of MRig. 11) is sistance measured, e.g., in Co/Cu/Co pillars, except the too
that the amplitude of the magnetoresistance is changing dra

gigh amplitude for nanoscopic junctions. Some evidence
tically, 6% above the transition temperatdie and 60% just hows that the appearance of the giant magnetoresistance is
below T,, while the successive magnetic configurations ob

related to a change in the conduction regime from diffusive
served in the hysteresis loop are unchanged. Figufs) 11 to ballistic. This seems to indicate that the observed signals
shows the superimposition of the two signals on differen

tare due to ballistic magnetoresistance.

scales. We found that the change in the magnetoresistance is
due to the change of the transport regime.

Evidence of the ballistic character of the conduction re- We are grateful to the Center Intémigtemental de Mi-
gime belowT; is shown in Fig. 1Xsample D. Note, how-  croscopie Electronique of EPRICIME-EPFL) for access to
ever, that this quantization of the resistanceRat 26 k() electron microscopy facilities. It is also a pleasure to thank
may be a coincidence since it is unlikely to have only oneM. Coey and S. Parkin for interesting discussions. This work
junction ballistic(or tunneling, and all the other junctions in was supported by Grant No. 5812.1 of the Swiss program
series diffusive (i.e., negligibly small with respect to TOP NANO 21.

FIG. 12. Some jumps, similar to those observed in Figs. 2 —5a
plotted as a function of the conductance quantizaéiti.
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