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Spin-polarized current-induced magnetization reversal in single nanowires

Derek Kelly,* Jean-Eric Wegrowe,† Trong-kha Truong, Xavier Hoffer, and Jean-Philippe Ansermet
‡

Ecole Polytechnique Federale de Lausanne, CH-1015 Ecublens, Switzerland
~Received 13 September 2002; revised manuscript received 5 May 2003; published 17 October 2003!

Using electrochemical deposition, 6mm long Ni nanowires, with typical diameters of the order of 80 nm,
are grown in ion-track etched membranes. Electric contacts are established during the growth, allowing resis-
tance measurements of a single magnetic wire. Whatever the angle of the applied magnetic field with the wire,
the full loops of magnetoresistance of a nickel nanowire can be described quantitatively on the basis of
anisotropic magnetoresistance of a uniform magnet, and exhibit a jump of the magnetization at the so-called
switching field. Hybrid wires made half with nickel and half with a Co/Cu multilayer were also produced. The
multilayer could be grown using either a single bath technique or a multiple bath setup, with the result of a
different magnetic anisotropy in the Co layers. When the multilayer is made of an optimal number of layers,
the two parts of the hybrid wire act as two resistances in series, having no magnetic interaction onto each other.
In contrast, the action of a current pulse on the nickel magnetization is to provoke a switch, when injected
before the unstable state of the hysteresis cycle has been reached. But the amount of applied field discrepancy
where the current still has an effect is given by a measured valuenHmax, which appears to be substantially
dependent on the presence or not of a multilayer close enough to the nickel wire and on the orientation of the
magnetization in the multilayer. The role of the multilayer’s presence or state evidences the role of spin
polarization in the current-induced switches of nickel. This is confirmed by measurements of the amplitude of
nHmax in homogeneous nickel wires that exclude spurious effects such as the induced oersted-field, heating, or
a combination of the two to account for all the current-induced switches.

DOI: 10.1103/PhysRevB.68.134425 PACS number~s!: 72.25.Ba, 72.25.Hg, 72.25.Pn
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I. INTRODUCTION

Spin-transport in magnetic nanostructures is currently
ceiving increasing interest from the scientific community b
cause of its importance in the design of new memory dev
capable of maintaining the persistent increase in mem
storage density and the accompanying need for informa
processing speed. Historically, as early as the 1950’s,
coupling of conduction electrons to spin waves1 was invoked
in order to account for deviations from the simplest vers
of the two-current model that describes transport in meta
ferromagnets.2 Ferromagnetic resonnance~FMR! experi-
ments provided information on spin-flip scattering rates d
to this coupling.3 On the other hand, in the past two decad
a lot of progress has been done in instrumental techniq
providing physicists with capabilities of engineering stru
tures on the nanometer scale. A size that is in principle sm
enough to allow the magnetization to remain uniform, ma
ing those samples magnetic single domain particles. Di
studies on spin-dependent scattering emerged from the
realizations of magnetic nanostructures and gave rise to
discovery of spin injection.4,5 Studies of the exchange fiel
coupling of a set of magnetic layers has brought to the
covery of giant magnetoresistance, a new property of s
dependent electrical transport.6–8 Tunnel,9,10 ballistic
magnetoresistance,11 and domain wall scattering12 are also
concerned with the effect of a magnetic configuration on
conduction electrons. Recently the coupling of conduct
electron spin to the exchange field was invoked to exp
the electrical resistance of domain walls: the spin of the e
trons follows almost but not exactly adiabatically the e
change field,13 thus causing a slight spin-mixing14 and con-
sequently an increase in resistance.15

In the past decade or two, theoreticians pointed out
0163-1829/2003/68~13!/134425~13!/$20.00 68 1344
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possibility of the converse effect of the current on the ma
netization. Namely they predicted that spin-polarized c
rents of the order of 107 to 108A/cm2 excite spin
waves16–19or propagate domain walls.20 Recently it was also
suggested that currents could be switching magnetic dom
by longitudinal relaxation of the spin of the electrons.21 In
spin valves~injection into a magnet after spin polarization
a spin polarizer! it is thought that the injection of spins gen
erates a torque,22–27an effective exchange interaction due
longitudinal spin accumulation,28 or both torque and effec
tive field due to transverse spin accumulation.29 From the
experimental point of view, first Bergeret al.30,31 have evi-
denced the action of a high current density on domain w
in thin films. Recently Garciaet al. provoked domains shifts
causing magnetoresistance changes up to 300% in ni
nanocontacts by injection of ballistic electrons.32,33 Tsoi
et al. first inferred fromI -V measurements that strong cu
rents through point contacts into macroscopic Co/Cu mu
layered thin films indeed excited spin waves,34 later deter-
mined their high frequency nature, and suggested
transverse polarization configuration of the waves.35 Further,
magnon excitation in Fe/Cr/Fe trilayer films were direc
observed by Rezendeet al.36 in the dynamic response of
multilayer, allowing to distinguish between the effects
spin injection and Oersted field on the magnetization. The
wen et al.37 measured a reduction of the GMR ratio of
trilayer when traversed by an intense current in one sense
not if reversed, as well as the appearance of distinct h
resistance GMR plateaus dependent on bias polarity and
sense of field sweep, possibly accounted for in part by
generation of incoherent magnons. Sun38 attributed to mo-
mentum transfer onto ferromagnetic clusters the sudden
sistance change in manganite trilayers. Ralphet al. observed
©2003 The American Physical Society25-1
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DEREK KELLY et al. PHYSICAL REVIEW B 68, 134425 ~2003!
also a sudden resistivity enhancement beyond a thres
current in pillars39 and multilayers40. The latter results and
those of Theeuwenet al. were confirmed by Grollieret al.41

although some discrepancy remains about the field de
dance of the critical current. Recently, Weberet al.were able
to distinguish precession due to exchange interaction
relaxation due to spin-dependent scattering of hot electr
flowing trough a thin magnetic film.42

Following the observation of current-induced magneti
tion switches in samples exhibiting a domain wall,43 the ex-
perimental evidence of an effect of the spin polarization
conduction electrons on magnetization of a single mag
with high length-to-radius ratio, uniformly magnetized, h
motivated the main effort of the present work. The sp
polarization effects were achieved by comparing the ac
of a high electric current density on the magnetization o
nickel segment in three types of wires: first, a nickel w
alone, second and third, two types of hybrid wires consist
of a nickel half wire preceded by a Co/Cu multilayer~Fig. 1!.
One type of hybrid has Co layers with anisotropy fully
plane of the layers and another type has Co layers with s
stantial anisotropy along the wire axis.

II. SAMPLE GROWTH

The wire synthesis is performed by electrochemical de
sition in commercially available porous polycarbonate tra
etch membranes. Each membrane is covered on both s
with a gold layer of different thicknesses, thus providi
microscopic contacts onto the wire. The thicker layer cov
the narrowest pores and serves as working electrode.
thinner layer leaves most pores open in order to allow for
electrolyte to enter in them. Both layers are connected
floating voltmeter that detects a potential drop as soon as
first wire connects between the two faces. At this point
voltage supply is stopped.44 The thicker layer is also covere
with silver paint, whose solvent prevents chemical growth
the thicker pores with the result of higher yield in gettin
single wire contacts, improvement of contact quality, a
narrower distribution of wire diameters, with lowe
average.46 Homogeneous nickel wires have a polycrystalli
structure47 and end with a contact on the thinner gold lay
with a hemispherical shape revealed by an increase in d
sition current44 and observed by scanning electro
microscopy.48 The production of multilayers alternating C
and Cu layers of controllable thickness is achieved by mo

FIG. 1. ~Color online!. Three types of wires are used in th
work: homogeneous nickel wires~A!, hybrid wires with a nickel
half-wire joined to a Co/Cu multilayer in which the Co layers a
magnetized fully in-plane~B! or partially along the wire axis~C!.
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lating either the potential or by alternating the baths. T
cobalt and copper layers are estimated to be 9 nm thick w
the multilayer is grown from a single bath and 10 nm thi
when the multilayer is grown from the multiple bath syste
The thickness of a Co/Cu bilayer is known from the numb
of layers deposited, which is determined by the number
potential oscillations or bath changes before a contac
made between the two gold electrodes. The relative thickn
of Co and Cu has been estimated by the change of numb
layer with a change of layer deposition time for one the t
materials.

Hybrid wires consist of a Co/Cu multilayer in series wi
a 3mm long nickel wire terminated by a copper contact. T
nickel half-wire and the multilayer are separated by less t
10 nm of copper, usually 35 nm according to from the dep
sition time.

III. MAGNETIC CHARACTERIZATION

A. Multilayers

The magnetic behaviors of all samples were inferred fr
sets ofR(H) curves~resistance vs applied field! with differ-
ent directions of field. Multilayers electrodeposited from
single bath containing both Co and Cu salts by varying
deposition potential49 present distinguishable sets of res
tance curves than multilayers grown by depositing alter
tively from two different baths~Fig. 2!. When the multilayer
is electrodeposited from a single bath, the peak of theR(H)
curve is narrower in longitudinal field (V50) than in trans-
verse field (V590). At a fixed value of applied field the
resistance value is lower when the field is longitudinal, th
meaning that the layers are easier to align.

When the multilayer is electrodeposited from separ
baths, the peaks of theR(H) curves are nearly identical in
longitudinal field than in transverse field, once the contrib
tion of the anisotropic magnetoresistance is substracted f
the total resistance. Both curves saturate at about the s
value of field ~they are parallel and nearly flat beyond62
kOe!. Second, the the difference between the curves
transverse field and longitudinal field increases appro
mately linearly as the GMR decreases, and remains cons
when one of the curves becomes nearly flat. Indeed, the
polar field approximation does account for the magnetic h
teresis behavior with the direction of the applied field
multilayers with layers thick enough for the dipolar intera
tion to be certainly dominant.50

The above observations allow to make qualitative estim
tion for both types of multilayers of their magnetic state
low field. The layers of single bath multilayers are easier
align in longitudinal field, so there must be a substan
anisotropy along the wire axis and at zero field the magn
are at least partially anti aligned along the wire axis sin
there is GMR. On the other hand, the curves of multiple b
multilayers for longitudinal and transverse field saturate
the same field. This implies that in this case the external fi
needs only to counter the dipolar anti alignment of the laye
but no anisotropy. The saturation field is much lower in th
case than for single bath multilayers. Therefore no subs
tial anisotropy is present in the layers and only the dipo
5-2
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SPIN-POLARIZED CURRENT-INDUCED . . . PHYSICAL REVIEW B68, 134425 ~2003!
field can determine the zero applied field configuration. C
sequently, we expect the magnetizations in the multilay
fabricated with the multiple bath method to be in plane wh
the field is transverse and progressively out of plane w
the field is longitudinal and changes from zero to62 kOe.

B. Homogeneous wires

In homogeneous wires the hysteresis comprises
parts : a reversible part, and an irreversible jump at the
called switching field. In many samples, data analysis rev
a uniform rotation of the magnetization~Fig. 3! in at least
98% of the wire’s volume.46 The jump in resistance is th
irreversible transition between two uniformly magnetiz
states.51,56 In some samples the reversible sections reveal
presence of a domain wall~Fig. 4!. The domain wall is evi-
denced by a decrease in resistance before zero fiel
reached, by a non sharp resistance jump larger in size
arising at a field different that expected for uniform rotati
of the magnetization.

C. Hybrids

Hybrid samples should exhibit— during a full half-loop
field ~from one saturation to the opposite!— GMR and AMR
andone jump that constitutes an increase in resistance,
to the irreversible switch of the nickel half wire. The cont

FIG. 2. ~Color online!. Two typical examples representative
R(H) curves at room temperature. Top A (Co9/Cu9)330 multilayer
grown from a single bath, at longitudinal and transverse field w
wire axis. Bottom: A (Co9/Cu9)330 multilayer grown from separate
baths, at longitudinal and transverse field with wire axis. In b
cases the difference of resistance atHmax568 kOe is due to the
sum of AMR of all the cobalt layers.
13442
-
rs
n
n

o
-
ls

e

is
nd

e

bution of AMR from the nickel half wire is estimated sup
posing a uniform rotation of magnetization in the resistan
hysteresis. The geometry of the nickel half wire is here
sically identical to that of a homogeneous nickel wire. I
deed, to the extent of what can be directly observed,
hysteresis of the nickel half wire in hybrid wires, is identic
to that of homogeneous nickel wires.52 Hence, the magne
toresistance curves of a hybrid sample will be plotted

h

h

FIG. 3. ~Color online!. Normalized resistance hysteresis loo
of r vs H(h), measured at values of angleV590° (V555°),
where h5H/Ha and r AMR(H)5@R(H)2R'#/nRAMR with
nRAMR5R(0°)2R(90°) measured atH5Hmax (H5Hmax is a
saturating field.! All experimental curves~dotted curves! are com-
pared to the theoretical prediction~full lines! under uniform rotation
of the magnetization. There is a good agreement at all value
field for every angleV.

FIG. 4. ~Color online!. Normalized magnetoresistive curve o
r 5(R2R')/nR at V569° of a homogeneous nickel wire. Th
solid line is the best curve obtained by comparison with the mo
of uniform rotation of magnetization. Note the large drop of res
tance beforeH50 is reached.
5-3
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DEREK KELLY et al. PHYSICAL REVIEW B 68, 134425 ~2003!
r AMR(H)5@R(H)2R'#/nRAMR with nRAMR

5R(0°)R(90°) measured atH5Hmax. It is justified by the
fact that in completely multilayered wires the saturating fie
is reached at a field (,5 kOe! quite lower thanH5Hmax

(.8 kOe!. This allows us to estimate the contribution abo
5 kOe as only due to the AMR of the nickel wire.

Experimentally, hybrid samples in which the multilay
was grown by the single bath technique, exhibit no jump
the nickel when the number of layers in the multilayer
above a number of 1562 cobalt layers~the latter number is
valid for 10 nm thick cobalt layers! and only the AMR is
observed when the number of cobalt layers in the multila
is below the number of 1562 cobalt layers~of 10 nm thick-
ness!. All resistance features~GMR, AMR, and jump as in-
crease in resistance!, are visible in all the resistance curve
when the multilayer has 1562 layers. Since multilayers
grown from the multiple bath setup and filling the enti
pore, i.e., 300 bilayers, exhibited a GMR of only 2%~com-
pared to 25% in multilayers grown from a single bath!, no
hybrid wires were produced with only 15 Co layers. Ho
ever, in hybrid samples grown from the multiple bath syste
all resistance features are still present when the multila
contains 150 layers of each material i.e. fills the whole s
ond half of the pore. The fact that more layers can be gro
in the latter case without hiding the features of the nickel h
wire is thought to be due to the absence of anisotropy in
Co layers.

The resistance hysteresis at various angles of applied
for a hybrid sample with the multilayer made from separ
baths is fairly well accounted for fields above 3 kOe, by t
same procedure as for homogeneous wires~Fig. 5, the curve
on the right-hand side is the AMR measured at an app
field of 8 kOe!. The measured angular dependence of
switching field is also similar to the case of a homogene
nickel wire. In particular, all samples exhibited aHsw(V)
increasing withV from 0° to 90°. A selection of ten sample
~nickel wires and nickel half-wires! illustrate the spread o
these data~Fig. 6!.

FIG. 5. ~Color online!. Experimental resistance hysteresis loo
of r AMR(H)5@R(H)2R'#/nRAMR with nRAMR5R(0°)
2R(90°) measured atH5Hmax, for various angles of applied
field. The curves are normalized with respect to the values of re
tance at saturating field. All curves~dotted curves! are compared to
the theoretical prediction under uniform rotation of the magneti
tion. The multilayer is grown by the multiple bath technique.
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IV. MEASUREMENTS ON HOMOGENEOUS WIRES

A. nH max : a measure of the effect of the current
on the magnetization

The magnetization irreversible switch in homogeneo
ferromagnetic nanowires is shown to be triggered by the
jection of a high current density of the order ofj p
5107A/cm2 (I p>1 mA in our wires! during 500 ns, when
the applied field is below the value of the switching field
an amountnHmax ranging from 100 to 700 Oe. The resis
tance jumps from a stable value at fieldHp to the other stable
state located at the same field on the half-loop reached f
the opposite saturation~Fig. 7!. Hp is the field value when
the pulse is injected.V is the angle the applied field make
with the wire axis. Examples of initial stable states a
sketched by the anglew0 between magnetization and th

s-

-

FIG. 6. ~Color online!. Angular dependence of the switchin
field in a selection of 10 nickel wires of diameters ranging betwe
r 510 nm tor 560 nm. The two dotted bold lines represent a h
mogeneous wire~light gray dots! and a hybrid wire~dark gray
dots!.

FIG. 7. ~Color online!. Current-induced transitions during a re
sistance hysteresis half-loop under an increasing field sweep a
angle of applied field of 65°. The increase in resistance occur
the pulse is injected. The spontaneous jump occurs atwc535.4°.
Pulses of 2.63107 A/cm2 during 500 ns are injected beforeHsw,
provoking the jump. Four cases are sketched defined byw0. Pulse
injection tilts the magnetization abovewc , where it is no more
stable. The dashed arrows sketch the path the magnetization w
follow if monitored by a minor loop in field.
5-4
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SPIN-POLARIZED CURRENT-INDUCED . . . PHYSICAL REVIEW B68, 134425 ~2003!
wire axis. Examples of final stable states are sketched by
anglew1 the magnetization makes with the wire axis af
pulse injection. When no pulse is injected, the switch occ
at field Hsw.

The most important feature shown in Fig. 7 is that for
angles and intensity of applied field, the final states after
current pulse injection are located on the same hyster
curve corresponding to the opposite field sweep~associated
to uniform configurations! as for the switch without curren
pulse injection. Thus all happensas if the magnetization af-
fected by a high-intensity current-density actually follow
~path sketched by dashed arrows! the same path it would
follow under the influence of a minor loop of applied fie
from Hp to Hsw1He ~with He small enough! and back to
Hp .53 The magnetization rotates up to the regular unsta
state, switches, and rotates back to the stable state asso
to the applied fieldHp . The pulses provoke the jump i
resistance until the difference defined asnH5uH-Hswu
reaches a valuenHmax above which they do not. In a homo
geneous wire with uniform magnetization, each resista
value along a half loop corresponds to one and only
magnetic state, i.e.,V univokely definesw, the angle of the
magnetization with the current flow. Hence, the pulse d
not create any new~i.e., nonuniform! magnetic state after th
injection. Consequently, the current-induced jumpscan be
modeled as the magnetization of the nickel wire followi
the same path it would under the influence of a minor loop
applied field.53

The increasing field hysteresis half loop is repeated
other anglesV of applied field with wire axis. The sam
measurements are repeated then for decreasing field
~Fig. 8!. The injected high intensity current is alwaysposi-
tive, i.e., the electrons flow goes first through the hemisph
cal contact.nHmax(V) has a minimum at a valueV0 in the
interval 720°, increases withnV (V5V06nV). A
maximum value is reached at a value in the interval@V0
170°; V0190°#. A second maximum is reached at an ang
symmetric by 180° in the interval@V0270°; V0290°#.
This global feature is always present in homogeneous ni
wires, whatever their characteristics are~diameter, magnetic
hardness, uniform rotation in the reversible sections, or p
ence of a domain wall!.

FIG. 8. ~Color online!. Angular dependence of the paramet
nHmax for a current pulse of 1 mA~about 1.53107 @A/cm2#) for
increasing or decreasing field.
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The scattering of the points on a curve must be dis
guished from the uncertainty in the determination of
nHmax. All values of nHmax are reproducible within the
error bars. The only events that are accepted for the dete
nation ofnHmax are jumps in resistance that produce insta
taneously a transition between the two states determine
the hysteresis without pulse injection~in the sense of a qua
sistatic measurements, instantaneously means less than
ms!.

B. Symmetries in uniformly magnetized wires

The curvesnHmax(V) present features withV which re-
quires to distinguish between homogeneous wires that
monodomain, whose hysteresis loops are in agreement
an uniform rotation of magnetization, and those wires w
exhibit the presence of a domain wall. Some features co
arise from purely geometrical factors: the wire’s axis is ide
tical to the current flow axis, but the magnetic probe cons
of the wire and the contacts at its ends. For ideal contac
the magnet has an axial symmetry. In terms of angleV in the
setup’s plane of rotation, this axial symmetry means
magnet has a mirror symmetry~the mirror is the plane along
the wire axis and perpendicular to the plane of rotation of
field! ~Fig. 9!.

We begin with the wires of resistance loops in agreem
with a uniform rotation of magnetization.

For a fixed sense of current flow, there appear some s
metries ofnHmax with V. First, nHmax(V) is symmetric
around the minima, i.e.,nHmax(V01nV)5nHmax(V0
2nV). Second, nHmax(V) is symmetric around the
maxima. ConsequentlynHmax(V) is identical for opposite
field half loops~Fig. 8!.

nHmax(V) would be expected to be exactly symmetr
around the minima~maxima! and the minima be atV5V0
50° (V5690°) but which is only approximately the cas
The slight influence the magnetic contact has on the
served values ofnHmax can be tested by growing a nicke
wire, stopping the electrodeposition just before a contac
made and then making the contact with a copper electrol
Such a wire is free of coupling to an undesired additio
magnet and indeed the curves ofnHmax for increasing and

FIG. 9. ~Color online!. Three different angles of the wire with
the applied field, for which identical values ofnHmax are expected
because a symmetry with a mirror parallel to the wire axis keeps

wire unchanged as well as the relative orientation betweenMW and IW

~from A to B! or betweenMW and the sl axis of I~from A to C!.
5-5



ou
f

he
he

es
t

nd

a
of

t

n

io
ro

m-
the
e of

the
em

the
e is

f the
ng

ge-
the
-

eld

n of

of
e

he
low

f

Cu

za

s

hen
t of
ne-

ith

DEREK KELLY et al. PHYSICAL REVIEW B 68, 134425 ~2003!
decreasing field appear superimposed and centered ar
V5180° ~Fig. 10!. ~An additional feature is the drop o
nHmax for V very close to 90°).

For monodomain nickel wires, the values ofnHmax for
one sense of current flow are always lower than for the ot
whateverV, the sense of applied field ramp remaining t
same~Fig. 11!. In addition, nHmax did not change with a
reversal of field ramp. Thus, for monodomain nickel wir
the sign of variation ofnHmax with a reversal of curren
flow is the same whatever the sense of field ramp.

The symmetry about 0° means that the effect depe
only on uVu, i.e., onuwu. Two field sweeps symmetric with
V, i.e., for V50°6nV, will bring the magnetization also
in symmetric directions, i.e., identicaluwu. The symmetry
about690° ~i.e., for two sweeps withV590°6nV)means
that the effect depends only on the angle between the m
netization and theaxis of current, whatever the sl sense
flow. Both symmetries~around 0° and around690°) are
expected whatever the cause of the effect, as long as
magnet is symmetric with theaxis of current flow. But for
the latter in addition, the fact that such a symmetry arou
V590° is observed, means that the effectis independent of
the sign of the velocity of the electrons. Note the orientat
of the Oersted field does depend on the sign of the elect

FIG. 10. ~Color online!. Dependence with respect toV of the
nHmax associated to the pulse injection in a nickel wire with a
contact.

FIG. 11. ~Color online!. Angular dependence of thenHmax for a
current pulse of61 mA (about 1.53107@A/cm2#) injected into a
homogeneous nickel wire exhibiting uniform rotation of magneti
tion when applying a decreasing field loop.
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velocity. On the other hand this does not exclude at all asy
metric effects with the sense of current flow since e.g.
spin-polarization of the current may change with the sens
current flow.54

A consequence of the above two symmetries and
asymmetry is that, when rotating the whole external syst
~i.e., fieldand current flow! except the wire itself, the curve
nHmax(V) is not conserved. So the asymmetry ofnHmax
must be linked to a structural geometric asymmetry of
wire. Indeed, the two contacts are not identical, thus ther
a magnetic asymmetry. Considering the ensemble of thetwo
magnetic contacts as the polarizing source, a change o
net spin polarization at the tips of the wires when changi
the sense of current flow could reflect that asymmetry.

C. Symmetries in wires containing a domain wall

A different picture arises when we consider the homo
neous nickel wires, the resistance loops of which exhibit
presence of a domain wall~Fig. 4!. In those wires asymme
tries were observed with reversal~i.e., change in sign! of
either injected current-pulse flow or sense of applied fi
ramp but no variation ofnHmax with reversal of both. For
one sense of current the values ofnHmax are lower in one
range of angleV, but in another range the values ofnHmax
are higher compared to the other sense of current: the sig
variation ofnHmax with a reversal of current flow is differ-
ent if the field ramp is positive or negative. The sign
variation ofnHmax with a reversal of field ramp is opposit
if the current is positive or negative. The variation ofnHmax
is of about.40 Oe when the field ramp is reversed and t
samples that showed this type of asymmetry exhibited
values fornHmax.

A consequence of theasymmetryobserved in wirescon-
taining a domain wallis thatnHmax is conserved when both
the applied field and the current sense are reversed~Fig. 12!.
Thus the effect heredoesdepend on the sense of velocity o

-

FIG. 12. ~Color online!. Histograms of the number of switche
occurring at a fieldH, when a pulse is injected atHp into a homo-
geneous nickel wire exhibiting the presence of a domain wall w
applying a field loop. The applied field at saturation at the star
the field ramp, a representation of the average direction of mag
tization just prior to the switch, and the current flow sense w
relative orientations are sketched next to each cell.
5-6
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SPIN-POLARIZED CURRENT-INDUCED . . . PHYSICAL REVIEW B68, 134425 ~2003!
the electrons with respect to the orientation of magnetizat
So although an effect of the spin-polarization of the curr
may still be present,43 another effect adds up, giving rise t
the asymmetry described in Fig. 12. This type of asymme
can be accounted for by the induced field, becausenHmax
'H ind and nH ind has a good geometry for acting on a d
main wall.33 Also, the orientation ofH ind with the magneti-
zation inside the domain wall changes when the sense
only the field ramp or the current flow is reversed and
nHmax originating from the Oersted field is conserved wh
everything~including the orientation of the magnetization! is
rotated by 180°, except the wire itself. This type ofsymmetry
is expected when the wire is perfectly cylindrical and the
spin polarization is not current-sense dependent.

V. SPIN-POLARIZATION EFFECTS VERSUS OTHER
CURRENT-INDUCED EFFECTS

The effect of the current, as measured bynHmax, was
studied as a function of the radius. Spurious causes gen
ing the observednHmax in homogeneous wireswhere no
domain wall is presentcould be ruled out: Joule heating, th
current-induced Oersted field amplitude, the gradient of
Oersted field or a combination of them.

The angular dependence ofnHmax in membranes with
pores of radiusr<15 nm ~Fig. 13! appears to be similar to
the angular dependence in membranes with pores of ra
20 nm<r<50 nm. nHmax takes nearly identical values fo
decreasing and increasing field sweeps andnHmax(V) in-
creases withV, and drops near 90°.

The striking result here is that theintensity of current
required to trigger the switch is independent of the rad
~Fig. 13!. The minimum current required to trigger an effe
does not scale neither with the increase of the curre
induced field nor with the Joule heating. Although in som
cases these other current-induced effects are present in
negligible amounts, they neverfully account for the data.

Prior to analysis, a new parameter maxnHmax common to
every sample must be introduced. Considering the possib
that the angular dependence of one or the other spur
current-induced effects varies with the radius of the wire
comparison between samples ofnHmax at the same angle
may not be relevant. maxnHmax is defined as the highes

FIG. 13. ~Color online!. Measurements ofnHmax(V) with a
wire of radiusr .10 nm.
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nHmax observable in a sample for a fixed intensityI p of
current-pulse excitation.

To study the dependence of maxDHmax with radiusr, one
should take into account the possible dependence on ra
of magnetic parameters such as the total anisotropy fieldHa
or the magnetic hardnessD. Ha for wires with different radii
can be estimated from the fits ofR(H,V) or from Hsw(V).46

No clear increase ofHa was observed as the radius w
decreased. Rather, the samples with radii lower than 35
had lowerHa than those with radii higher than 35 nm. Th
magnetic hardness is defined as

D5S r 0

r D 2

wherek is a dimensionless geometry-dependent factor eq
to 1.079 for an infinite cylinder.45 r 0 is a material-dependen
parameter linked to the quantum exchange constant and
be taken asr 0'20 nm in Ni and r 0'7 nm in Co. The
magnetic hardness is to be taken into account only when
switching breaks the uniformity of the magnetization.~It is
the case for the induced field,H ind, but not in a model where
the magnetization rotates uniformly during the switch.!

A. Observed current-induced effects versus current-induced
Oersted field effects

The magnetic field induced by the currentI is poloidal. Its
value inside of the wire at a distancer i of the wire axis is
given by

H ind

I p
5

r i

2pr 2 ~1!

which is maximal on the surface of the wire (r i5r ). Let us
assume the poloidal field is now the cause of the curre
induced switch, i.e., maxnHmax is simply proportional to
H ind . Thus the value (maxnHmax)/I p should be inversely
proportional to the wire radius and a distribution for differe
r andI p should be placed on asinglecurve. It is not the case

FIG. 14. ~Color online!. maxnHmax/I p as a function of the
radius of the wire it was measured in. The radii are minimal bou
aries i.e. they were estimated neglecting the presence of a co
resistance. Some dots aligned vertically are relative to the s
wire.
5-7
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DEREK KELLY et al. PHYSICAL REVIEW B 68, 134425 ~2003!
and the distribution of experimental values maxDHmax/I p
turns out to have a maximum in the range ofr535 nm to
r550 nm ~Fig. 14!.

The magnetic hardnessD}r 22 and H ind}r 21, thus
maxDHmax/I p should still be monotonic withr and all values
should be placed on a single curve. The observed distribu
does not allow one to identify maxDHmax/I p with an effect
of H ind. This does not exclude, however,H ind from partially
contributing to the current-induced switching, and this co
tribution from depending onr or V. A possible route to ge
the relative contribution ofH ind to DHmax could be to com-
pare H ind with D(H int)max, where D(H int)max is defined as
DHmax but using the internal fieldH int. The internal field
yields

H int~V,w!5H~V!2Hdem~V,w!

5H~V!22pMs sinw~H,V!. ~2!

Hdem is the demagnetizing field,Ms is the saturation magne
tization, andw is obtained from the fits ofr (h) by minimiz-
ing the sum of all energy terms~including the magnetostati
energy! assuming uniform rotation of the magnetization46

Thus

H int
2 5~H sinV22pMsw!21~H cosV!2. ~3!

The anglef~H,V! thatH int makes with the wire axis is suc
that F,V and uV2fu→0 with increasingH.

For example, atV50°, 60°, 65°, 80°, 90° withHsw5900,
1000, 1400, 1500, 2700 Oe andDHmax5200, 450, 600, 600
100 Oe,D(H int)max yields 200, 260, 355, 150, 0 Oe. How
ever, a link betweenD(H int)max and H ind remains unclear
since no theory exists. Indeed, the switching process un
the action of a homogeneous field is still a topic of rec
investigations.46,51

The spatial distribution ofH ind is axial and favors a curl-
ing type of reversal. One would expect the effect ofH ind to
be strongest when the magnetization is still parallel to
wire axis prior to the current pulse injection, i.e.,H ind should
act strongest atV50°, which is not the case even whe
D(H int)max is considered.DHmax(V50°) can be directly
compared toH ind since Hdem(V50°)'0 Oe. DHmax(V
50°) can take values up to 250 Oe in homogeneous w
whereH ind'30 Oe.

The gradient of Oersted field generated during pulse
jection is

¹H ind5
I p

2pr 2
5

j p

2
~4!

and has to be compared to

¹4pMwall>
4pMs

dwall
, ~5!

where ¹4pMwall is the field gradient inside the wall an
dwall is the typical domain wall thickness. 4pMs is the local
field associated to the saturated magnetization on one sid
the wall and it is24pMs on the other side. It can be seen
many samples that the values of¹B/¹Mwall are too low by
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more than one order of magnitude for the gradient of
Oersted field to be able to generate a domain wall and t
possibly trigger the magnetic switch. Thus from the ratios
¹B/¹Mwall , ¹B cannot account for the amplitude o
maxnHmax in the range of wire radii investigated. It ma
still be that the current-induced Oersted field itself or
gradient may act locally in a region where the creation of
inhomogeneity is facilitated, but then there is little reas
why a homogeneous wire always has the same angular
pendance fornHmax, and the influence of inhomogeneitie
are likely to have been included already in the value ofHsw.

B. Observed current-induced effects versus Joule
heating effects

The heating due to the current pulse has been determ
experimentally by resistance measurements.55 An upper
bound can be provided by a simple model. Let us consi
the most extreme case of heating, where the Joule pow
injected in the center of the wire by a pulse of consta
amplitude. The heat reservoirs are the leads contacted to
tips of the wire ~surface pr 2; distance5L/2, where L
56 mm5wire length), and the polycarbonate surroundi
the wire a certain thickness away~distanced5500 nm,
boundary surface 2prL ). The thermal conductivity in the

FIG. 15. ~Color online!. Dependence in radius r and curre
pulse densityj p of the parameter maxnHmax is given by curves of
maxnHmax as a function of (j p) using the radius of the associate
wire as a parameter. MaxnHmax( j p)(top) shows two regimes o
current density needed to reach a fixed value of maxnHmax. One
regime is in the decadej p5107 A/cm2 of current density needed to
trigger the reversal. The other regime is in the rangej p

5108 A/cm2. The regime of maxnHmax( j p) for lower densities
~curves on the left the graph! is zoomed~bottom!. The zoom shows
that in the regime of the decadej p5107 A/cm2 ~lower densities!, a
monotonic radius dependence is still present. All samples are ni
wires except one made of cobalt.
5-8
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SPIN-POLARIZED CURRENT-INDUCED . . . PHYSICAL REVIEW B68, 134425 ~2003!
wire and in the membrane are respectivelykNi andkmemb. R
is the wire resistance andI p is the injected current. In the
stationary regime

RIp
25rLpr 2 j p

25nTS kNi

4pr 2

L
1kmemb

2prL

d D . ~6!

The change in coercive fieldnHc due to a changenT in
temperature has been measured experimentally in ma
tometry of many wires55 as

nHc5nnT, ~7!

where n53 @Oe/K#. In first approximation, one can tak
nHc5nHsw. So let us assumenHsw is due to the Joule
heating : 3nT5maxnHmax. A numerical estimation43 has
already suggested thatnnT!nHmax.

In order to check for the radius dependence
maxnHmax, Eq. ~4! can be simplified by neglecting dissipa
tion in the polymer. Considering cooling only through th
leads, one gets for a nickel wire

nT5
rL2 j p

2

4kNi
~8!

andkNi must be replaced bykCo for a cobalt wire.
MaxnHmax should then be independent of radius at fix

j p , which is definitely not the case~Fig. 15 top!. Considering
only cooling into the membrane, one gets

nT5
rdr j p

2

2kmemb
. ~9!

For a fixednT, i.e., fixed maxnHmax, the radius should
decrease asj p

22 . The distribution of the maxnHmax( j p)
~Fig. 15 top! clearly does not support this either.

From the above it can be concluded from the radius
pendence of maxnHmax( j p)or maxnHmax(I p), that it is not
possible to account for maxnHmax of all the different
samples in the framework of Joule heating. A direct con
mation of the estimated values of heating comes from
measurement ofnR/R in a dc measurement where it cou
be seen that a current of 2 mA~highest intensity ever used i
this work! produces a heating of 20 K, hence anHmax of 60
Oe, much too low to account for the different values
nHmax.

56 Finally, another confirmation of this conclusio
comes from time-resolved experiments that have shown
a high current above a threshold intensity induces a non t
mal contribution to the magnetization switching. The curre
appears to lower the energy barrier for switching.57,58

C. Dependence on the material

The cobalt sample in Fig. 15 is a cobalt wire that exhib
a maxnHmax(I p) with much higher values than all othe
samples in Fig. 15, made of nickel. Although the anisotro
field is found higher in cobalt than in nickel, maxnHmax(I p)
is higher in a cobalt wire. One would expect of effects li
heating or the Oersted-field to have at fixed current inten
and wire radius a reduced influence on maxDHmax(I p). On
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the other hand, the magnetic hardness is lower than in ni
allowing for more or smaller magnetic inhomogeneities. T
uniformity of the magnetization in a cobalt wire cannot
proved within the precision of our fits ofr~h! assuming uni-
form rotation of the magnetization. Thus a different mater
could modify the mechanism and relative contribution of t
different current-induced effects. More investigations are
quired to make conclusions from a change in material.

VI. NICKEL WIRE PRECEDED BY A SPIN POLARIZER

The purpose of the comparison of the current-induced
fect between a nickel wire preceded by a multilayer an
nickel wire without a multilayer, is to generate an asymme
of the current-induced effect on the nickel probe by buildi
controllably an asymmetric magnetic structure. Thus
compare first a nickel wire with a hybrid wire made of
nickel half wire and a Co/Cu multilayer produced with th
multiple baths method. Since the Co/Cu multilayer exhib
GMR, we can think of it as an injector of spin-polarize
electrons. Thus the interface between Ni and the multila
gives rise to spin accumulation sites in Ni.

A. Measurements

The striking result is the observation that for hybr
samples the angular dependence ofnHmax is shifted by 90°
compared to that of the homogeneous nickel wire~Fig. 16!.
The features ofDHmax(V) for scatter appear however som
what more complex for the hybrid wires. In these hybr
samplesnHmax(V) is independent of the sense of curre
flow and sense of field ramp. Nevertheless, the maxima
DHmax(V) for the homogeneous nickel wire occur at ang
V whereDHmax(V) for the hybrid wire is low.

B. Discussion

We have shown that the multilayer does not affect
magnetization hysteresis of the nickel and that the resista
hysteresis is similar in a nickel half-wire than in a homog
neous nickel wire.H ind should have the same effect on bo
nickel probes. However,DHmax(V50°)'400 Oe butH ind
'65 Oe. Also,DHmax~V50°! in the hybrid is larger than in
the homogeneous wire~400 Oe, resp. 200 Oe! although the
magnetic hardness is increased since the radius is red
~35 nm, resp. 46 nm!. What does change is the magne
environment where the spins enter the nickel probe. Hen
DHmax changes when the spin polarization of the current
the tips of the nickel probe changes. From the magnetic c
acterization, we can conclude that the effect of the curren
largest when the magnetization of the Co layers is perp
dicular to the magnetization orientation in the nickel. Inde
we found that the magnetization in the multilayers ma
from multiple baths were in the plane of the layers at lo
field, whatever the direction of applied field.~When the field
is parallel to the wire, the switch in Ni occurs below a
applied field of 900 Oe.! As the current flows through the
multilayer, the spin polarization is also perpendicular to t
wire axis provided the spin polarization fully aligns with th
magnetization. Thus our observation~Fig. 16! implies that
5-9
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DEREK KELLY et al. PHYSICAL REVIEW B 68, 134425 ~2003!
the effect of current is largest when the spin polarization
the current entering the nickel is perpendicular to the nic
magnetization orientation. In the framework of spi
polarized current induced effects, the symmetry of
current-induced effect with the sense of applied field can
understood from a particular symmetry of the system w
the applied field. The relative anglenw between the magne
tization in the cobalt layer nearest to the nickel and the m
netization in the nickel half wire remains identical if the fie
is shifted to a direction symmetric with the axis of the wi
@compare~1! and ~3! in Fig. 17#. That relative angle also
remains identical when the applied field is at an angle 9
6nV with the wire axis@compare~1! and~4! in Fig. 17# or
when the sense of field is reversed, i.e., rotated by 1
@compare~1! and~2! in Fig. 17#. In every case the direction
of the magnetization in the Co layer lies between the dir
tion of the magnetization in nickel and the direction of t
applied field. The shift in 90° ofnHmax(V) between the
hybrid and the homogeneous samples occurs whateve
sense of current implies the multilayer fixes the spin po
ization near the tip of the nickel half wire regardless of t
sense of current.

C. Control experiments

Two further experimental observations have been m
that link the current-induced effect to the relative orientat
of the spin flow and the magnetization. First, in a hyb
sample in which the non magnetic spacer is much longer~Cu
spacer of 200mm) than the spin diffusion lengthnHmax(V)
is the same as in a homogeneous wire~Fig. 18!.

Second, measurements ofnHmax(V) were also per-
formed on hybrid wires, in which the multilayer part wa
produced with the single bath technique~Fig. 19!. In this
case a gradual increase ofnHmax up to above 1400 Oe is
observed betweenV50° andV590°. The magnetic char
acterization had shown that a multilayer grown from a sin
electrolytic bath has a total anisotropy parallel to wire, ide
tical to the case of the magnetization in a homogeneous w
Thus, the conduction electrons could get polarized in sim
way in this multilayer or in a homogeneous wire and o

FIG. 16. ~Color online!. Angular dependence of the paramet
nHmax for a pulsed current of 1.6 mA~about 4.13107@A/cm2#).
wc represents the angle of wire axis with magnetization just prio
the switch.
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would expect a similar angular dependence fornHmax(V).
No dependence ofnHmax(V) with the sense of the injecte
current or the sense of the applied field ramp were found
such hybrid wires, either.

D. Quantitative analysis

For a quantitative analysis of the observed data in
framework of spin-polarized current action on magnetizat
it is convenient to start from the Landau-Lifschitz-Gilbe
~LLG! equation for the motion of magnetization and gen
alize it to include the presence of a current.21 This can be
accomplished by adding a contributionfW(eW p , MW ) dependent
on the unit vectoreW p which gives the direction of the spin
polarization of the incident current, and the magnetizat
stateMW . In a first common approach it is assumed that t
additional contribution is proportional to the spin-carri
flow entering the magnetnW IYp/e ~nW is a unit vector normal to
the wire’s surface!, and to the magnetic charge of each c
rier gmB and its dependence on the magnetization stat
weak.16 The modified LLG equation is then

dMW

dt
'2g8MsS MW 3

dV

dMW
D 2h8S MW 3

dV

dMW
D

3MW 1 f ~eW p!
gmBI p

e
, ~10!

whereI p is the injected current pulse intensity,e is the elec-
tric charge of the electron,g is the Lande´ factor, mB is the
Bohr magneton.MW is the total magnetization. The phenom
enological parametersh8 andg8 ~Ref. 59! are linked to the
gyromagnetic ratiog and the Gilbert damping coefficienta
by the relationh85ga/(11a2)Ms andg85g/(11a2)Ms.
The contribution of outgoing electrons to Eq.~10! is negli-
gible since the loss of spin polarization occurs outside
magnet’s volume, i.e., is randomly dissipated by electro
not coupled by the exchange interaction.

The first and second terms in the right hand side of Eq.~8!
are transverse relaxation modes. They are, respectively
precession term and the damping term. The third term in
right-hand side is the spin injection due to spin polariz
conduction electrons, which may modify a transverse mo
~this conservesiMW i) or be the source of a longitudinal re
laxation of the spins~dynamically changesiMW i).

o

FIG. 17. ~Color online!. Symmetries of the magnetic configura
tion in the hybrid sample with respect to the direction of the appl
field.
5-10
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SPIN-POLARIZED CURRENT-INDUCED . . . PHYSICAL REVIEW B68, 134425 ~2003!
The unspecified functionfW introduced in Eq.~8! depends
on the chosen model. Most models to date yield a torque
the magnetization~parallel or antiparallel to the damping!.
However, those models22–29 assume an incident spin
polarized current onto a thin magnetic layer and the tor
generates essentially an in-plane rotation of the magne
tion. In the present context of spin-polarized current-induc
effect in a long uniformly magnetized nickel wire where t
magnetization along the wire axis changes, Bazal
model22 may possibly allow one to extend the torque theo
to the case of the hybrid wire, as it does for nickel wir
containing a domain wall.43 However, the case of the homo
geneous nickel wire, where the current is thought to en
unpolarized but exit the wire polarized, may require differe
assumptions.

An explanation was suggested, different than torq
theory, for the angular dependence ofnHmax(V) applicable
to both the homogeneous nickel wires and hybrid wires21

The spin interaction taking place between the probe and
current is viewed as an out of equillibrium thermokine

FIG. 18. ~Color online!. Measured angular dependence of t
parameterDHmax for a hybrid wire containing a nickel half-wire
and a Co/Cu multilayer separated by a Cu spacer of 200mm grown
with the single bath technique. The sample exhibits well separ
GMR and AMR when applying a loop in field.

FIG. 19. ~Color online!. Measured angular dependence of t
parameterDHmax for a nickel half wire with Spin polarizer made o
15 cobalt layers grown with the single bath technique. The sam
exhibits well separated GMR and AMR.
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balance between spin interactions and the change in ma
tization orientation.21,52In that model the angular momentum
carried by conduction electrons is partially transferred to
calized ferromagnetic moments in a diffusive way~in the
sense that the spins are modified at collision sites in
ferromagnet!, thus the transfer takes place at the interface
electrons entering the magnet on the length scale of the s
diffusion length. The generalized Landau-Lifshitz equati
with the additional term describing the change in the mag
tization due to the spin-flip scattering inside the magnet
be written in that model withfW(ep

W )5b(p/L)ep
W whereb is

the spin-polarization ratio of the electrons at the fermi lev
L is the length of the wire andp is a geometric factor close to
1.21 This model gives

dMW

dt
'2g8MsS MW 03

dV

dMW 0
D 2h8S MW 03

dV

dMW 0
D

3MW 01p
gmBbI peW p

eL
, ~11!

whereMW 0 is the magnetization of the wire without the cu
rent andI p is always positive~whatever the current sense!.

From Eq.~9! at steady state~just before the irreversible
jump!, one can getDh(V,w) by specifying the potentia
energy V(V,w;h). For a uniformly magnetized nanowir
with uniaxial anisotropyDhmax(V)5Dh(V,w5wc) is then
given by21

Dhmax5hsw~V!2
2cIp ~eW p•vW !2 sin~2wc!

sin~wc2V!
, ~12!

wherewc is the angle the magnetization makes with the w
axis ath2nhmax during pulse injection,vW is the polar vector
perpendicular toMW , the parameter c is phenomenologic
and depends on the spin-polarization rate and on the Gil
damping parameter.

To fit the datanhmax(V), the most direct way to do it is
to take the experimental values ofhsw and extracting the
anglewc from the fits ofR(H) in terms of uniform rotation
of magnetization. Since the theoretical curve uses exp
mental values ofhsw it also has scatter. An additional sca
tering of the curve can also occur due to the sensitivity of
estimation ofnh in errors onwc through the term sin (wc
2V). It can be seen that the theory accounts for the m
feature of the data~Fig. 20!.

VII. CONCLUSIONS

It could be shown that the injection of an electrical curre
of high density (j p'107 A/cm2)in a nickel wire near a meta
stable state provokes the transition from an equilibrium s
onto another equilibrium state that can also be reached
minor field sweep without pulse injection~making a minor
hysteresis loop!. Conversely, if a minor loop does not exhib
a hysteresis, the pulse does not provoke an observable
sition.

The presence of a source of spin polarization~cobalt

d
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DEREK KELLY et al. PHYSICAL REVIEW B 68, 134425 ~2003!
layer!—at a distance to the nickel wire smaller than typic
spin transport length scales—modifies the current-indu
effect on the magnetic state of a nickel probe in a way t
can be linked only to the spin polarization of the inject
current. Indeed, the difference in angular dependence~angle
the applied field makes with the wire axis! of the current-
induced effect between a nickel wire and a hybrid wire co
taining a nickel half wire~of similar properties to the nicke
wire alone! clearly relates the effect to the presence of
multilayer half wire in the hybrid wire. That multilaye
serves as a conduction-electron spin polarizer. This exclu
possible causes to the effect such as the Joule heating
current-induced Oersted field or its gradient, or the addit

*Present address: Nanocenter Basel and Institute of Physics,
gelbergstrasse 82, CH-4056 Basel, Switzerland.

†Present address: Ecole Polytechnique, Laboratoire des solide
radiés 91128 Palaiseau Cedex, France.
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FIG. 20. ~Color online!. Experimental vs predicted values fo
nhmax(V) produced by a negative current flow by taking a para
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Joule heating may be excluded for three reasons. First
presence of asymmetries in sense of current. The ther
power dissipated does not depend on current sense wha
the magnetic configurations. Second, the study ofnHmax as
a function of the wire diameter at constant currentI
51 mA, has shown that the maximum ofnHmax of about
800 Oe for'40 nm radius decreases to 300 Oe for'15 nm
radius. Third, time-resolved measurements of the increas
resistance during pulse injection, are consistent with theo
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duce the magnetization reversal.
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