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Spin-polarized current-induced magnetization reversal in single nanowires
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Using electrochemical deposition, gm 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 valdg,,,, 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
AH . 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.
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[. INTRODUCTION possibility of the converse effect of the current on the mag-

Spin-transport in magnetic nanostructures is currently renetization. Namely they predicted that spin-polarized cur-
ceiving increasing interest from the scientific community be-rents of the order of 10to 1CPA/cn? excite spin
cause of its importance in the design of new memory devicesraves®°or propagate domain walf8.Recently it was also
capable of maintaining the persistent increase in memorguggested that currents could be switching magnetic domains
storage density and the accompanying need for informatioby longitudinal relaxation of the spin of the electrdfidn
processing speed. Historically, as early as the 1950's, thepin valvedinjection into a magnet after spin polarization in
coupling of conduction electrons to spin waless invoked  a spin polarizerit is thought that the injection of spins gen-
in order to account for deviations from the simplest versionerates a torqué&, 2’ an effective exchange interaction due to
of the two-current model that describes transport in metallidongitudinal spin accumulatiof, or both torque and effec-
ferromagneté. Ferromagnetic resonnancéMR) experi- tive field due to transverse spin accumulatfdrrom the
ments provided information on spin-flip scattering rates dueexperimental point of view, first Bergast al2*3! have evi-
to this coupling® On the other hand, in the past two decadesdenced the action of a high current density on domain walls
a lot of progress has been done in instrumental techniques thin films. Recently Garciat al. provoked domains shifts
providing physicists with capabilities of engineering struc-causing magnetoresistance changes up to 300% in nickel
tures on the nanometer scale. A size that is in principle smatanocontacts by injection of ballistic electrois® Tsoi
enough to allow the magnetization to remain uniform, mak-et al. first inferred froml-V measurements that strong cur-
ing those samples magnetic single domain particles. Direatents through point contacts into macroscopic Co/Cu multi-
studies on spin-dependent scattering emerged from the firtyered thin films indeed excited spin wavédater deter-
realizations of magnetic nanostructures and gave rise to thmined their high frequency nature, and suggested a
discovery of spin injectioft® Studies of the exchange field transverse polarization configuration of the waveBurther,
coupling of a set of magnetic layers has brought to the dismagnon excitation in Fe/Cr/Fe trilayer films were directly
covery of giant magnetoresistance, a new property of spinebserved by Rezendet al3® in the dynamic response of a
dependent electrical transp8/€ Tunnel®° ballistic ~ multilayer, allowing to distinguish between the effects of
magnetoresistancé,and domain wall scatterii are also  spin injection and Oersted field on the magnetization. Theeu-
concerned with the effect of a magnetic configuration on theven et al*” measured a reduction of the GMR ratio of a
conduction electrons. Recently the coupling of conductiortrilayer when traversed by an intense current in one sense but
electron spin to the exchange field was invoked to explaimot if reversed, as well as the appearance of distinct high
the electrical resistance of domain walls: the spin of the elecresistance GMR plateaus dependent on bias polarity and the
trons follows almost but not exactly adiabatically the ex-sense of field sweep, possibly accounted for in part by the
change field? thus causing a slight spin-mixittyand con-  generation of incoherent magnons. $lattributed to mo-
sequently an increase in resistarfice. mentum transfer onto ferromagnetic clusters the sudden re-

In the past decade or two, theoreticians pointed out theistance change in manganite trilayers. Radphl. observed

0163-1829/2003/683)/134425%13)/$20.00 68 134425-1 ©2003 The American Physical Society



DEREK KELLY et al. PHYSICAL REVIEW B 68, 134425 (2003

<~ <~ lating either the potential or by alternating the baths. The
— cobalt and copper layers are estimated to be 9 nm thick when

% the multilayer is grown from a single bath and 10 nm thick
U when the multilayer is grown from the multiple bath system.
Q The thickness of a Co/Cu bilayer is known from the number
(C)\« of layers deposited, which is determined by the number of
Ni potential oscillations or bath changes before a contact is
: made between the two gold electrodes. The relative thickness
_ ) ~ of Coand Cu has been estimated by the change of number of
FIG. 1. (Color onling. Three types of wires are used in this |ayer with a change of layer deposition time for one the two
work: homogeneous nickel wirg@), hybrid wires with a nickel  haierials.
half-wir(_a joined t(_) a Co/Cu muItiIayer in which the_Co Ia_yers are Hybrid wires consist of a Co/Cu multilayer in series with
magnetized fully in-plan¢B) or partially along the wire axi(C). 5 3, 1y |ong nickel wire terminated by a copper contact. The
ickel half-wire and the multilayer are separated by less than
nm of copper, usually 35 nm according to from the depo-
sition time.

also a sudden resistivity enhancement beyond a thresho
current in pillar$® and multilayer®”. The latter results and
those of Theeuwent al. were confirmed by Grollieet al*
although some discrepancy remains about the field depen-

dance of the critical current. Recently, Weleerl. were able IIl. MAGNETIC CHARACTERIZATION

to distinguish precession due to exchange interaction and A. Multilayers

relaxation due to spin-dependent scattering of hot electrons ) ) )

flowing trough a thin magnetic filf? The magnetic behaviors of all samples were inferred from

Following the observation of current-induced magnetiza-S€ts OfR(H) curves(resistance vs applied figlavith differ-
tion switches in samples exhibiting a domain Wilthe ex- €Nt directions of f|§Id. Multilayers electrodeposited from a
perimental evidence of an effect of the spin polarization ofSiNgle bath containing both Co and Cu salts by varying the
conduction electrons on magnetization of a single magnef€Position potenti&f present distinguishable sets of resis-
with high length-to-radius ratio, uniformly magnetized, hast@nce curves than multilayers grown by depositing alterna-
motivated the main effort of the present work. The spin-tively from two different bathsFig. 2). When the multilayer
polarization effects were achieved by comparing the actiodS €lectrodeposited from a single bath, the peak ofRtid)
of a high electric current density on the magnetization of &°Urve IS narrower in longitudinal field=0) than in trans-
nickel segment in three types of wires: first, a nickel wireVerse field (1=90). At a fixed value of applied field the
alone, second and third, two types of hybrid wires consistindes'Stance value is lower when t_he fleld_|s longitudinal, thus
of a nickel half wire preceded by a Co/Cu multilay&ig. 7). ~ Meaning that the layers are easier to align.
One type of hybrid has Co layers with anisotropy fully in ~ When the multilayer is electrodeposited from separate

plane of the layers and another type has Co layers with sutaths, the peaks of tHe(H) curves are nearly identical in
stantial anisotropy along the wire axis. longitudinal field than in transverse field, once the contribu-

tion of the anisotropic magnetoresistance is substracted from
the total resistance. Both curves saturate at about the same
value of field (they are parallel and nearly flat beyornd?

The wire synthesis is performed by electrochemical depokOe). Second, the the difference between the curves for
sition in commercially available porous polycarbonate trackiransverse field and longitudinal field increases approxi-
etch membranes. Each membrane is covered on both sidesately linearly as the GMR decreases, and remains constant
with a gold layer of different thicknesses, thus providingwhen one of the curves becomes nearly flat. Indeed, the di-
microscopic contacts onto the wire. The thicker layer covergolar field approximation does account for the magnetic hys-
the narrowest pores and serves as working electrode. THeresis behavior with the direction of the applied field in
thinner layer leaves most pores open in order to allow for thenultilayers with layers thick enough for the dipolar interac-
electrolyte to enter in them. Both layers are connected to &on to be certainly dominanf’
floating voltmeter that detects a potential drop as soon as the The above observations allow to make qualitative estima-
first wire connects between the two faces. At this point thetion for both types of multilayers of their magnetic state at
voltage supply is stoppetd. The thicker layer is also covered low field. The layers of single bath multilayers are easier to
with silver paint, whose solvent prevents chemical growth inalign in longitudinal field, so there must be a substantial
the thicker pores with the result of higher yield in getting anisotropy along the wire axis and at zero field the magnets
single wire contacts, improvement of contact quality, andare at least partially anti aligned along the wire axis since
narrower distribution of wire diameters, with lower there is GMR. On the other hand, the curves of multiple bath
averagé'® Homogeneous nickel wires have a polycrystallinemultilayers for longitudinal and transverse field saturate at
structuré” and end with a contact on the thinner gold layerthe same field. This implies that in this case the external field
with a hemispherical shape revealed by an increase in depaeeds only to counter the dipolar anti alignment of the layers,
sition current* and observed by scanning electron but no anisotropy. The saturation field is much lower in this
microscopy*® The production of multilayers alternating Co case than for single bath multilayers. Therefore no substan-
and Cu layers of controllable thickness is achieved by modutial anisotropy is present in the layers and only the dipolar

II. SAMPLE GROWTH
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FIG. 2. (Color onling. Two typical examples representative of FIG. 3. (Color online. Normalized resistance hysteresis loops
R(H) curves at room temperature. Top A (Co9/Cyg)multilayer ~ Of r vs H(h), measured at values of angf@=90° (1=55°),
grown from a single bath, at longitudinal and transverse field withwhere h=H/H, and raur(H)=[R(H)—=R, J/ARayg With
wire axis. Bottom: A (Co9/Cu, multilayer grown from separate 2 Ravr=R(0°)—R(90°) measured aH=Hpa (H=Hpay is a
baths, at longitudinal and transverse field with wire axis. In bothsaturating field. All experimental curvesdotted curvesare com-

cases the difference of resistancetHay,, = =8 kOe is due to the Pared to the theoretical predicti¢full lines) under uniform rotation
sum of AMR of all the cobalt layers. of the magnetization. There is a good agreement at all values of

field for every angl€).

field can determine the zero applied field configuration. Conpution of AMR from the nickel half wire is estimated sup-
sequently, we expect the magnetizations in the multilayerposing a uniform rotation of magnetization in the resistance
fabricated with the multiple bath method to be in plane Wherhysteresis. The geometry of the nickel half wire is here ba-
the field is transverse and progressively out of plane whesically identical to that of a homogeneous nickel wire. In-
the field is longitudinal and changes from zero#@ kOe.  deed, to the extent of what can be directly observed, the
hysteresis of the nickel half wire in hybrid wires, is identical
B. Homogeneous wires to that of homogeneous nickel wirgsHence, the magne-

. . . toresistance curves of a hybrid sample will be plotted as
In homogeneous wires the hysteresis comprises two

pars : a reversible part, and an irreversible jump at the so-
calleq switching_ field. In many sample;, Qata a_nalysis reveals ) ‘ ‘ Ha=3kOe
a uniform rotation of the magnetizatiqirig. 3) in at least '
98% of the wire's volumé&® The jump in resistance is the

irreversible transition between two uniformly magnetized 08}
states’>°®In some samples the reversible sections reveal the
presence of a domain walFig. 4). The domain wall is evi- 06!

denced by a decrease in resistance before zero field is
reached, by a non sharp resistance jump larger in size and 0.4
arising at a field different that expected for uniform rotation
of the magnetization.

.
) theory H/Ha
-2 -1 0 1 2 3

C. Hybrids . . -
FIG. 4. (Color onling. Normalized magnetoresistive curve of

Hybrid samples should exhibit— during a full half-loop in r=(R-R,)/AR at Q=69° of a homogeneous nickel wire. The
field (from one saturation to the opposite GMR and AMR  solid line is the best curve obtained by comparison with the model
andonejump that constitutes an increase in resistance, duef uniform rotation of magnetization. Note the large drop of resis-
to the irreversible switch of the nickel half wire. The contri- tance befored =0 is reached.
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FIG. 5. (Color online. Experimental resistance hysteresis loops ol :
of raur(H)=[R(H) =R, J/ARmr With  ARr=R(0°) 0 20 40 60 8
—R(90°) measured aH=Hp,,, for various angles of applied FIG. 6. (Color onling. Angular dependence of the switching

field. The curves are normalized with respect to the values of resisqe|d in a selection of 10 nickel wires of diameters ranging between
tance at saturating field. All curvedotted curvepare compared o — 10 nm tor =60 nm. The two dotted bold lines represent a ho-

the theoretical prediction under uniform rotation of the magnetizayogeneous wirglight gray dotg and a hybrid wire(dark gray

tion. The multilayer is grown by the multiple bath technique. dots.

r avr(H) =[R(H) =R, 1/ ARaur with — ARuyg IV. MEASUREMENTS ON HOMOGENEOUS WIRES
=R(0°)R(90°) measured atl =H . Itis justified by the A. AH . a measure of the effect of the current
fact that in completely multilayered wires the saturating field on the magnetization

is reached at a field<5 kO¢ quite lower thanH =H 4
(>8 kOs@. This allows us to estimate the contribution above

5 kEOe as_ Onh{ cliluekt]ot;[hs AMR ?f the mﬁl.(er: \;vkllre. il jection of a high current density of the order qg
xperimentally, hybrid samples In which theé multifayer _ 4 y a /o2 (I,=1 mA in our wireg during 500 ns, when

was grown by the single bath technlque_, exhibit ho jump _Ofthe applied field is below the value of the switching field by
the nickel when the number of layers in the multilayer is amountA H,., ranging from 100 to 700 Oe. The resis-
above a number of 152 cobalt layerdthe latter number is  (5nce jumps from a stable value at field to the other stable
valid for 10 nm thick cobalt layejsand only the AMR is  state located at the same field on the half-loop reached from
observed when the number of cobalt layers in the multilayefhe opposite saturatiofFig. 7). H, is the field value when
is below the number of 152 cobalt layergof 10 nm thick-  the pulse is injected) is the angle the applied field makes
ness. All resistance feature€GMR, AMR, and jump as in-  wijth the wire axis. Examples of initial stable states are
crease in resistangeare visible in all the resistance curves sketched by the angle, between magnetization and the
when the multilayer has 152 layers. Since multilayers
grown from the multiple bath setup and filling the entire VImv]
pore, i.e., 300 bilayers, exhibited a GMR of only 2%om- 629 ‘
pared to 25% in multilayers grown from a single batho
hybrid wires were produced with only 15 Co layers. How-
ever, in hybrid samples grown from the multiple bath system,
all resistance features are still present when the multilayer
contains 150 layers of each material i.e. fills the whole sec-
ond half of the pore. The fact that more layers can be grown 627
in the latter case without hiding the features of the nickel half
wire is thought to be due to the absence of anisotropy in the
Co layers. 62.6 L
The resistance hysteresis at various angles of applied field ‘ 97283 B H[kOe]
for a hybrid sample with the multilayer made from separate 08 1.2 Hew 1.6
baths is fairly well accounted for fields above 3 kOe, by the
same procedure as for homogeneous WiFég. 5, the curve

The magnetization irreversible switch in homogeneous
ferromagnetic nanowires is shown to be triggered by the in-

62.8 [

FIG. 7. (Color onling. Current-induced transitions during a re-

on the right-hand side is the AMR measured at an appIie&iStance hysteresis half-loop under an increasing field sweep at an
angle of applied field of 65°. The increase in resistance occurs as

flel.d O.f 8 I'(OQ.. The m¢a§ured angular dependence of th he pulse is injected. The spontaneous jump occurg.at35.4°.
switching field is also similar to the case of a homogeneous, ises of 2.6 107 Alem? during 500 ns are injected befoke,
. W

nickel wire. In particular, all samples exhibitedH(€2)  provoking the jump. Four cases are sketched definegdyPulse
increasing with() from 0° to 90°. A selection of ten samples injection tilts the magnetization abowg,, where it is no more

(nickel wires and nickel half-wirgsillustrate the spread of stable. The dashed arrows sketch the path the magnetization would
these datdFig. 6). follow if monitored by a minor loop in field.
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- T T T T Pole of
600 [ .!y AHmax(Oe) 50 1 electromagnet (A) (B) (C)
/!' A ' : Mirror 7\ Mirror \ Mirror
If | +~<—— H B 4, Y
400 | / | -~ decreasing /\\ A A/(M 1 H T‘ A \
/ field JaY /7
| N Vo 4
Ll S o 2 M | ‘
200 IV W Y 1 /
J I —_ inc;easin \ @ 4
100 | \; fog | " Q=30
\ \ Pole of
0 Ang|e Q N electromagnet
-180 120  -60 0 60 120 180 FIG. 9. (Color online. Three different angles of the wire with

the applied field, for which identical values &fH ,,, are expected
because a symmetry with a mirror parallel to the wire axis keeps the

wire unchanged as well as the relative orientation betwéend|
(from A to B) or betweenM and the sl axis of [from A to C).

FIG. 8. (Color onling. Angular dependence of the parameter
AH . for a current pulse of 1 mAabout 1.5 10’ [A/cm?]) for
increasing or decreasing field.

wire axis. Examples of final stable states are sketched by the The scattering of the points on a curve must be distin-
angle ¢, the magnetization makes with the wire axis after
pulse injection. When no pulse is injected, the switch occur
at fieldHgy,.

uished from the uncertainty in the determination of a
Hmaxe All values of AH,,, are reproducible within the
. N . error bars. The only events that are accepted for the determi-
The most important feature shown in Fig. 7 is that for all 400 of AH, . are jumps in resistance that produce instan-
angles and intensity of applied field, the final staies after th‘faneously a transition between the two states determined by

current pulse injection are located on the same hysteresige ysieresis without pulse injectigim the sense of a qua-
curve corresponding to the opposite field swéagsociated  gigiatic measurements, instantaneously means less than 100
to uniform configurationsas for the switch without current ms).

pulse injection. Thus all happes if the magnetization af-
fected by a high-intensity current-density actually follows
(path sketched by dashed arrgwike same path it would
follow under the influence of a minor loop of applied field  The curvesAH,,{Q) present features witfk which re-
from H, to Hg,+H, (with H, small enoughand back to quires to distinguish between homogeneous wires that are
Hp.53 The magnetization rotates up to the regular unstablenonodomain, whose hysteresis loops are in agreement with
state, switches, and rotates back to the stable state associated uniform rotation of magnetization, and those wires who
to the applied fieldH,. The pulses provoke the jump in exhibit the presence of a domain wall. Some features could
resistance until the difference defined #@sH=|H-H,| arise from purely geometrical factors: the wire's axis is iden-
reaches a valué H ., above which they do not. In a homo- tical to the current flow axis, but the magnetic probe consists
geneous wire with uniform magnetization, each resistancef the wire and the contacts at its ends. For ideal contacts,
value along a half loop corresponds to one and only on¢he magnet has an axial symmetry. In terms of atylie the
magnetic state, i.eQ) univokely definesp, the angle of the setup’s plane of rotation, this axial symmetry means the
magnetization with the current flow. Hence, the pulse doesnagnet has a mirror symmettthe mirror is the plane along
not create any newi.e., nonuniform magnetic state after the the wire axis and perpendicular to the plane of rotation of the
injection. Consequently, the current-induced jungas be  field) (Fig. 9).
modeled as the magnetization of the nickel wire following We begin with the wires of resistance loops in agreement
the same path it would under the influence of a minor loop inwith a uniform rotation of magnetization.
applied field>® For a fixed sense of current flow, there appear some sym-
The increasing field hysteresis half loop is repeated fometries of AH . With Q. First, AH () is symmetric
other angle() of applied field with wire axis. The same around the minima, i.e.AHna(Qo+AQ)=AHna{ Q0
measurements are repeated then for decreasing field rampA Q). Second, AH,,,(Q) is symmetric around the
(Fig. 8). The injected high intensity current is alwagesi- maxima. ConsequenthA H,,.({2) is identical for opposite
tive, i.e., the electrons flow goes first through the hemispherifield half loops(Fig. 8).

B. Symmetries in uniformly magnetized wires

cal contactAH, () has a minimum at a valu@ in the AHna{(Q) would be expected to be exactly symmetric
interval +20°, increases withAQ (Q=QyxAQ). A  around the minimamaxima and the minima be af = ()
maximum value is reached at a value in the intef\@l =0° (2==90°) but which is only approximately the case.

+70°; Qo+90°]. A second maximum is reached at an angleThe slight influence the magnetic contact has on the ob-
symmetric by 180° in the intervglQ,—70°; Qy—90°]. served values ofAH ., can be tested by growing a nickel
This global feature is always present in homogeneous nickekire, stopping the electrodeposition just before a contact is
wires, whatever their characteristics dddameter, magnetic made and then making the contact with a copper electrolyte.
hardness, uniform rotation in the reversible sections, or pressuch a wire is free of coupling to an undesired additional
ence of a domain wall magnet and indeed the curves AH ., for increasing and

134425-5



DEREK KELLY et al. PHYSICAL REVIEW B 68, 134425 (2003

Pulse -

Events 7. P

T puise 1>0
v
Q
H
M
Hsw[Oe] ”
296

312 328 positive ramp

w

500 | AHmax(Oe) ] f 3 | Events

N

400 -

300 |-

decreasing field

negative ramp 0

328 312 296 -280 280

6
ulse B

Events Pulse 777 | ‘E'\‘/em's -m s
M Q 4 { H Q/
H , I jl M

5 |
Angle Q 1 1

I . i | ity i f HewlOgl | ‘ f
50 100 150 200 250 300 Lao ol i swlOe] 0 HsulO¢] | | <0
g Postiveramp

negaiveramp 328 312 206  -280 280 2% 312

200

w

increasing field

o

100 -

FIG. 10. (Color online. Dependence with respect o of the . . )
AH .y associated to the pulse injection in a nickel wire with a Cu ~ FIG. 12. (Color onling. Histograms of the number of switches
contact. occurring at a fielcH, when a pulse is injected &t into a homo-

geneous nickel wire exhibiting the presence of a domain wall when
decreasing field appear superimposed and centered aroufepPlying a field loop. The applied field at saturation at the start of

Q0 =180° (Fig. 10. (An additional feature is the drop of the field ramp, a representation of the average direction of magne-
AH for Q \./ery lclose to 90°) tization just prior to the switch, and the current flow sense with
max .

For monodomain nickel wires. the values AH for relative orientations are sketched next to each cell.
] max

one sense of current flow are always lower than for the other, )
same(Fig. 11). In addition, AH ., did not change with a metric effects with the sense of current flow since e.g. the
reversal of field ramp. Thus, for monodomain nickel WireSspin—poIariza}ion of the current may change with the sense of
the sign of variation ofAH . With a reversal of current current flow? _
flow is the same whatever the sense of field ramp. A consequence of the above two symmetries and the

The symmetry about 0° means that the effect dependgsymr_netry is that, when rotating the vv_hol_e external system
only on|Q/, i.e., on|¢|. Two field sweeps symmetric with (i.e., fieldand current flow except the wire itself, the curve
Q, i.e., forQ=0°+AQ, will bring the magnetization also 2 Hma{{2) is not conserved. So the asymmetry &H
in symmetric directions, i.e., identicalp|. The symmetry m_ust be linked to a structural geomet_rlc asymmetry of th_e
about+90° (i.e., for two sweeps witlf) =90°+ AQ)means  Wire: Indeed, the two contacts are not identical, thus there is
that the effect depends only on the angle between the mag-magnetic asymmetry. Considering the ensemble ofvise
netization and thexis of current, whatever the sl sense of Mmagnetic contacts as the polarizing source, a change of the
flow. Both symmetriesaround 0° and around:90°) are net spin polarization at the tips of the wires when changing

expected whatever the cause of the effect, as long as tfe sense of current flow could reflect that asymmetry.

magnet is symmetric with thaxis of current flow. But for
the latter in addition, the fact that such a symmetry around C. Symmetries in wires containing a domain wall

0 =90° is observed, means that the effecindependent of ) . . )
the sign of the velocity of the electrons. Note the orientation A different picture arises when we consider the homoge-

of the Oersted field does depend on the sign of the electror€0US nickel wires, the resistance loops of which exhibit the
presence of a domain walFig. 4). In those wires asymme-

tries were observed with reverséle., change in signof

600 AHmax(Oe) ] either injected current-pulse flow or sense of applied field
159 : A ramp but no variation ofAH ., with reversal of both. For
00 | -y 7| , ] one sense of current the values&H,,, are lower in one
M ‘ .
400 | 5 H | ] range of angld), but in another range the values &H .4
\, | 2 A are higher compared to the other sense of current: the sign of
300 | VAL 7% & | variation of AH ., with a reversal of current flow is differ-

} 1 ent if the field ramp is positive or negative. The sign of

200 | it L X . ) )
I\ ] 7 variation of AH ., With a reversal of field ramp is opposite
100 ‘ —o /  U\' ] if the current is positive or negative. The variation/of .,
AngleQ TR Ll —+" ‘ is of about=40 Oe when the field ramp is reversed and the

0 b ‘ — — samples that showed this type of asymmetry exhibited low
-180 120  -60 0 60 120 values forAH, .

FIG. 11. (Color onling. Angular dependence of theH ., for a ‘A consequence of thesymmetryobserved in wireson-
current pulse of=1 mA (about1.5x 10°[ Alcm?]) injected into a  taining a domain walis that AH . is conserved when both

homogeneous nickel wire exhibiting uniform rotation of magnetiza-the applied field and the current sense are reve(fSied 12).
tion when applying a decreasing field loop. Thus the effect herdoesdepend on the sense of velocity of
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FIG. 13. (Color onlind. Measurements of\H,,(Q) with a Radius [nm]

wire of radiusr =10 nm. FIG. 14. (Color onling. maxAH /1, as a function of the

radius of the wire it was measured in. The radii are minimal bound-
the electrons with respect to the orientation of magnetizationaries i.e. they were estimated neglecting the presence of a contact
So although an effect of the spin-polarization of the currentesistance. Some dots aligned vertically are relative to the same
may still be preserft another effect adds up, giving rise to wire.
the asymmetry described in Fig. 12. This type of asymmetry
can be accounted for by the induced field, becali$¢n,x  AH,,, Observable in a sample for a fixed intensity of
~H;,q and AH;4 has a good geometry for acting on a do- current-pulse excitation.
main wall® Also, the orientation oH;,q with the magneti- To study the dependence of miit,,, with radiusr, one
zation inside the domain wall changes when the sense afhould take into account the possible dependence on radius
only the field ramp or the current flow is reversed and aof magnetic parameters such as the total anisotropy figld
AHp,originating from the Oersted field is conserved whenor the magnetic hardne§s H, for wires with different radii
everything(including the orientation of the magnetizatjas can be estimated from the fits B{H,()) or from HSW(Q)-46
rotated by 180°, except the wire itself. This typesgmmetry  No clear increase oH, was observed as the radius was
is expected when the wire is perfectly cylindrical and the nefdecreased. Rather, the samples with radii lower than 35 nm
spin polarization is not current-sense dependent. had lowerH, than those with radii higher than 35 nm. The
magnetic hardness is defined as
ro\?

r

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

The effect of the current, as measured b oy, was v%/herek is a dimensionless geometry-dependent factor equal
studied as a function of the radius. Spurious causes general P ndePr- i e
0 1.079 for an infinite cylinder: r is a material-dependent

ing the observedAH,,,, in homogeneous wireshere no :
dogmain wall is presern&aéuld be rulged out: Joule heating, the parameter linked to the quantum exchange constant and can
X ’ be taken agy~20 nm in Ni andro~7 nm in Co. The

current-induced Oersted field amplitude, the gradient of the : . .
. . magnetic hardness is to be taken into account only when the
Oersted field or a combination of them.

The angular dependence @fH,. .. in membranes with switching breaks the uniformity of the magnetizatigh.is

pores of radius <15 nm (Fig. 13 appears to be similar to the case for the induced fielH,,y, but not in a model where

the angular dependence in membranes with pores of radil}rs]e magnetization rotates uniformly during the switch.

20 nm=r=>50 nm. AH,. takes nearly identical values for

decreasing and increasing field sweeps drid,.,(Q) in- A. Observed current-induced effects versus current-induced
ma .
creases with), and drops near 90°. Oersted field effects
The striking result here is that thiatensity of current The magnetic field induced by the curréns poloidal. Its

required to trigger the switch is independent of the radius/alue inside of the wire at a distance of the wire axis is
(Fig. 13. The minimum current required to trigger an effect given by

does not scale neither with the increase of the current-

induced field nor with the Joule heating. Although in some Hing ri

cases these other current-induced effects are present in non- I~ 212 @

negligible amounts, they nevéully account for the data.
Prior to analysis, a new parameter meid,,,,common to  which is maximal on the surface of the wire; €r). Let us

every sample must be introduced. Considering the possibilitassume the poloidal field is now the cause of the current-

that the angular dependence of one or the other spuriousduced switch, i.e., maXH ., is simply proportional to

current-induced effects varies with the radius of the wire, aH;,q. Thus the value (maXH )/, should be inversely

comparison between samples 6fH,,.x at the same angle proportional to the wire radius and a distribution for different

may not be relevant. maxH ,, is defined as the highest r andl, should be placed onsinglecurve. It is not the case,

134425-7
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and the distribution of experimental values M.,/
turns out to have a maximum in the rangeref35 nm to

800, MaxAHmax[Oe]

r=50 nm(Flg 14) 600t ¥
The magnetic hardnes®o«r 2 and Hj,gr !, thus /
maxAH ./ |, should still be monotonic with and all values 400! q(\é\

should be placed on a single curve. The observed distribution

< ]
- . - 2 & r=16nm

does not allow one to identify ma ,,/1, with an effect 200(- | ) ]

of H;,g- This does not exclude, howevét;,, from partially < j[107A/cm?)

contributing to the current-induced switching, and this con- 0 0 5 10 15 20
tribution from depending on or Q). A possible route to get ¥ ‘
the relative contribution oH;,q to AH 4, could be to com- 800 [MaxAHmax[Oe] r=34nm
pare Hing With A(Hin) mae Where A(Hin) max IS defined as _i6 (cobalt)
AHmax but using the internal fielH;,. The internal field 600 | [=200m
yields
400 [ r=79 35
H. (Q,0)=H(Q)—Hgor{Q, nm r=sonm
int(, ) (Q) denl 2, ¢) 200 | . r28nm |
=H(Q)—27Mg sing(H,Q). (2 0 e TH0 Alem?)

Hg4em IS the demagnetizing fieldV  is the saturation magne- 0 1 2 3 4 5

tization, ande is obtained from the fits af(h) by minimiz- . . .
ing the sum of all energy term@cluding the magnetostatic FIG. 15. (Color onling. Dependence in radius r and current

energy assuming uniform rotation of the magnetizatfn. Pulse density, of the parameter maxHmax is given by curves of
Thus maxAH . as a function of ;) using the radius of the associated

wire as a parameter. MaxH ,,(jp)(top) shows two regimes of
Hﬁuz(H sinQ—27Mgp)?+ (H cod))?. ®) current density needed to reach a fixed value of flly,,,. One
_ _ o regime is in the decadg,= 10" A/cm? of current density needed to
The angleg(H,()) thatH,,; makes with the wire axis is such tigger the reversal. The other regime is in the range
that ®<Q and|Q— ¢|—0 with increasingH. =10° Alem?. The regime of ma&H,{j,) for lower densities
For example, af)=0°, 60°, 65°, 80°, 90° wittH,=900,  (curves on the left the grapls zoomedbottom. The zoom shows
1000, 1400, 1500, 2700 Oe atH ,,=200, 450, 600, 600, that in the regime of the decagig= 10" Alem? (lower densitie} a
100 Oe,A(Hi,) max Yields 200, 260, 355, 150, 0 Oe. How- monotonic radius dependence is still present. All samples are nickel
ever, a link betweem\ (H;,) nax and Hj,q remains unclear wires except one made of cobalt.
since no theory exists. Indeed, the switching process under

the action of a homogeneous field is still a topic of recent ore than one order of magnitude for the gradient of the

. . . 6,51
investigations! Oersted field to be able to generate a domain wall and thus

inng/f)ef‘%?tlrzl\/glrztarlllbLglr?g \?VESI%Inggt ?ﬂg fe?/eocrﬂsit;? Ctlgl' possibly trigger the magnetic switch. Thus from the ratios of
be strongest when the magnetization is still parallel to thexgiZI\H/lwa” ’i:aecg?lnzt o?cv(\:/?rznrtaoflici)rinf/heiti a;’r:g(ljltultzem;f
wire axis prior to the current pulse injection, i.el;,q should max 9 9 ) Y

act strongest af)=0°, which is not the case even when still be that the current-induced Oersted field itself or its

INCIR I conside’red.AHma*(Q=0°) can be directly gradient may act locally in a region where the creation of an

compared toH,4 since H®Q=0°)~0 Oe. AH.(Q inhomogeneity is facilitated, but then there is little reason

in . ma -

—0°) can take values up to 250 Oe in homogeneous wirewhy a homogeneous wire always has the same angular de-

whereH;,;~30 Oe. pendance forAH ., and the influence of inhomogeneities
The gradient of Oersted field generated during pulse in2re likely to have been included already in the valuéigj.

jection is

j B. Observed current-induced effects versus Joule

[
__p _Jp .
VHing= o2 2 4 heating effects

The heating due to the current pulse has been determined

and has to be compared to experimentally by resistance measuremént&in upper

47M bound can be provided by a simple model. Let us consider
VaAmM g = d—s (5)  the most extreme case of heating, where the Joule power is
wall injected in the center of the wire by a pulse of constant

where V47M,, is the field gradient inside the wall and amplitude. The heat reservoirs are the leads contacted to the
dyan is the typical domain wall thicknessM is the local  tips of the wire (surface mr?; distance=L/2, where L

field associated to the saturated magnetization on one side 6f6 wm=wire length), and the polycarbonate surrounding
the wall and it is— 47 Mg on the other side. It can be seen in the wire a certain thickness awaylistance §=500 nm,
many samples that the values¥B/VM,,,, are too low by  boundary surface 2rL). The thermal conductivity in the
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wire and in the membrane are respectively and kmemp- R the other hand, the magnetic hardness is lower than in nickel
is the wire resistance ang, is the injected current. In the allowing for more or smaller magnetic inhomogeneities. The

stationary regime uniformity of the magnetization in a cobalt wire cannot be
proved within the precision of our fits ath) assuming uni-

2 0.2 4mr? 27rL form rotation of the magnetization. Thus a different material

Rip=pLar®p=AT KNiT+ Kmemb™ 57 |- ®  could modify the mechanism and relative contribution of the

different current-induced effects. More investigations are re-
The change in coercive field H, due to a chang& T in quired to make conclusions from a change in material.
temperature has been measured experimentally in magne-
tometry of many wire¥ as VI. NICKEL WIRE PRECEDED BY A SPIN POLARIZER

AH.=nAT, (7) The purpose of the comparison of the current-induced ef-

i o fect between a nickel wire preceded by a multilayer and a

where n=3 [Oe/K]. In first approximation, one can take pjckel wire without a multilayer, is to generate an asymmetry
AHc=AHs,. So let us assuméHy, is due to the Joule of the current-induced effect on the nickel probe by building
heating : A\ T=maxAHpa. A numerical estimatiol has  controllably an asymmetric magnetic structure. Thus we
already suggested than T<AHma,. compare first a nickel wire with a hybrid wire made of a
In order to check for the radius dependence ofyickel half wire and a Co/Cu multilayer produced with the
maxAHmay, Eg.(4) can be simplified by neglecting dissipa- multiple baths method. Since the Co/Cu multilayer exhibits
tion in the polymer. Considering cooling only through the GMR, we can think of it as an injector of spin-polarized

leads, one gets for a nickel wire electrons. Thus the interface between Ni and the multilayer

gives rise to spin accumulation sites in Ni.

pL3j%
AT=——2 8
Ak A. Measurements
and «y; must be replaced by, for a cobalt wire. The striking result is the observation that for hybrid

MaxAH . should then be independent of radius at fixedsamples the angular dependencedf 5, is shifted by 90°
jp.» Which is definitely not the cag€ig. 15 top. Considering  compared to that of the homogeneous nickel wig. 16.

only cooling into the membrane, one gets The features oAH () for scatter appear however some-
what more complex for the hybrid wires. In these hybrid
p5rj,2) samplesAH () is independent of the sense of current

AT=5—— ) flow and sense of field ramp. Nevertheless, the maxima of

B 2K b.
mem AH,,2{(Q) for the homogeneous nickel wire occur at angles

For a fixed AT, i.e., fixed maxXiH,,, the radius should () whereAH,,(Q) for the hybrid wire is low.
decrease as'};z. The distribution of the maXH ,(jp)
(Fig. 15 top clearly does not support this either.

From the above it can be concluded from the radius de- )
pendence of makH ya(j p)or maxAH a1 ,), that it is not We havg shown tha_t the mulplayer does not affe_ct the
possible to account for maxH ., of all the different ~Magnetization _hy_ster.e3|s qf the nlckelland that. the resistance
samples in the framework of Joule heating. A direct confir-Nysteresis is similar in a nickel half-wire than in a homoge-
mation of the estimated values of heating comes from th&€0us nickel wireH;yq should have the same effect on both
measurement of R/R in a dc measurement where it could Nickel probes. However Hpq,(€2=0°)~400 Oe butHiy
be seen that a current of 2 nfAighest intensity ever used in ~65 Oe. Also,AH,(Q1=0°) in the hybrid is larger than in
this work) produces a heating of 20 K, hencé\d ., of 60  theé homogeneous wirgl00 Oe, resp. 200 Qalthough the
Oe, much too low to account for the different values ofMagnetic hardness is increased since the radius is reduced
AH a2 Finally, another confirmation of this conclusion (35 nm, resp. 46 nin What does change is the magnetic
comes from time-resolved experiments that have shown th&nvironment where the spins enter the nickel probe. Hence,
a high current above a threshold intensity induces a non thef Hmax changes when the spin polarization of the current at

mal contribution to the magnetization switching. The currentthe tips of the nickel probe changes. From the magnetic char-
appears to lower the energy barrier for switchid® acterization, we can conclude that the effect of the current is

largest when the magnetization of the Co layers is perpen-
dicular to the magnetization orientation in the nickel. Indeed
we found that the magnetization in the multilayers made
The cobalt sample in Fig. 15 is a cobalt wire that exhibitsfrom multiple baths were in the plane of the layers at low
a maxAHpn,(l,) with much higher values than all other field, whatever the direction of applied field/hen the field
samples in Fig. 15, made of nickel. Although the anisotropyis parallel to the wire, the switch in Ni occurs below an
field is found higher in cobalt than in nickel, maX (1) applied field of 900 Oe¢.As the current flows through the
is higher in a cobalt wire. One would expect of effects like multilayer, the spin polarization is also perpendicular to the
heating or the Oersted-field to have at fixed current intensitwvire axis provided the spin polarization fully aligns with the
and wire radius a reduced influence on mék,,(l,). On  magnetization. Thus our observatiofig. 16) implies that

B. Discussion

C. Dependence on the material

134425-9
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700,A'Hmax(‘0e) | | 1>0 | ) (3), (4),

600

Homogeneous

1>0 &
wire /
)

500 - Hybride wire

400 |

300

FIG. 17. (Color onling. Symmetries of the magnetic configura-
tion in the hybrid sample with respect to the direction of the applied
field.

200 -

100 [

0' L L —¥ L
2000 160200 8040040 80 would expect a similar angular dependence AgH ,,,(€2).

FIG. 16. (Color onlind. Angular dependence of the parameter NO dependence of H,,,({)) with the sense of the injected
AH . for a pulsed current of 1.6 mAabout 4.1 10°[ Alcm?]). current or the sense of the applied field ramp were found in
o, represents the angle of wire axis with magnetization just prior tosuch hybrid wires, either.
the switch.

. . L D. Quantitative analysis
the effect of current is largest when the spin polarization of

the current entering the nickel is perpendicular to the nicke| FOr @ quantitative analysis of the observed data in the
magnetization orientation. In the framework of spin- framework o_f spin-polarized current action on magnetization
polarized current induced effects, the symmetry of thelt IS convenient to start fro_m the Landag-Ll_fschltz-GHbert
current-induced effect with the sense of applied field can b&-LG) equation for the motion of magnetization and gener-
understood from a particular symmetry of the system with@lize it to include the presence of aﬁcyrr?ﬂjfrhls can be
the applied field. The relative anglee between the magne- accomplished by adding a contributib¢e,, M) dependent
tization in the cobalt layer nearest to the nickel and the magen the unit vectorép which gives the direction of the spin
netization in the nickel half wire remains identical if the field polarization of the incident current, and the magnetization

is shifted to a direction symmetric with the axis of the wire gateM. In a first common approach it is assumed that this
[compare(1) and (3) in Fig. 17]. That relative angle also aqgitional contribution is proportional to the spin-carrier
remains identical when the applied field is at an angle 90¢ ©

. . . T flow entering the magneil e (v is a unit vector normal to
= AQ with the wire a>_<|s[cc_)mpare(1) and(4) in Fig. 17] or the wire’s surfack and to the magnetic charge of each car-
when the sense of field is reversed, i.e., rotated by 180

o L) rier gug and its dependence on the magnetization state is
[compare(1l) and(2) in Fig. 17]. In every case the direction weak!® The modified LLG equation is then

of the magnetization in the Co layer lies between the direc-

tion of the magnetization in nickel and the direction of the -

applied field. The shift in 90° ofAH,o({}) between the d_l\/l ~—aM. Nix dv “ivl Wi dv

hybrid and the homogeneous samples occurs whatever the dt 9 Ms dMm dM

sense of current implies the multilayer fixes the spin polar-

ization near the tip of the nickel half wire regardless of the - - Ougly

sense of current. XM+ f(ep)—e . (10)
C. Control experiments wherel , is the injected current pulse intensigyjs the elec-

tric charge of the electrorg is the Landefactor, ug is the

ohr magnetonl\7| is the total magnetization. The phenom-

enological parameteits’ andg’ (Ref. 59 are linked to the
gyromagnetic ratioy and the Gilbert damping coefficient
by the relationh’ = ya/(1+ a?)Mg andg’ = y/(1+ a?) M.
The contribution of outgoing electrons to E4.0) is negli-
gible since the loss of spin polarization occurs outside the
magnet’s volume, i.e., is randomly dissipated by electrons
not coupled by the exchange interaction.

The first and second terms in the right hand side of(By.
are transverse relaxation modes. They are, respectively, the
eprecession term and the damping term. The third term in the

electrolytic bath has a total anisotropy parallel to wire, iden—”ght'har‘d side is the Spin injection QUe to spin polarized
tical to the case of the magnetization in a homogeneous wiré2"duction electrons, which may modify a transverse mode
Thus, the conduction electrons could get polarized in similafthis conservegM||) or be the source of a longitudinal re-
way in this multilayer or in a homogeneous wire and onelaxation of the spingdynamically changegM|).

Two further experimental observations have been mad
that link the current-induced effect to the relative orientation
of the spin flow and the magnetization. First, in a hybrid
sample in which the non magnetic spacer is much lo\Gar
spacer of 20Qum) than the spin diffusion length H ()
is the same as in a homogeneous wie. 18).

Second, measurements dfH, () were also per-
formed on hybrid wires, in which the multilayer part was
produced with the single bath techniqd€ig. 19. In this
case a gradual increase OfH ., up to above 1400 Oe is
observed betweefd =0° and(Q)=90°. The magnetic char-
acterization had shown that a multilayer grown from a sing|
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400 , , - , balance between spin interactions and the change in magne-
- AHmadOe) tization orientatiorf>?In that model the angular momentum
carried by conduction electrons is partially transferred to lo-
calized ferromagnetic moments in a diffusive wéy the
sense that the spins are modified at collision sites in the
ferromagney thus the transfer takes place at the interface of
electrons entering the magnet on the length scale of the spin-
diffusion length. The generalized Landau-Lifshitz equation
with the additional term describing the change in the magne-
tization due to the spin-flip scattering inside the magnet can

be written in that model witf(e,) = B(p/L)e, where 3 is

350

300

250

200

150

100

50F

§ ‘ . . Anglei) the spin-polarization ratio of the electrons at the fermi level,
0 2 40 60 80 L is the length of the wire anplis a geometric factor close to
1.2 This model gives
FIG. 18. (Color onling. Measured angular dependence of the
parameterAH o for a hybrid wire containing a nickel half-wire dm ~ dv ) ( _ dv
and a Co/Cu multilayer separated by a Cu spacer of 200grown —— ~—g'M¢| MgX—=—|—h'"| MgX—
with the single bath technique. The sample exhibits well separated dt dM, dMy

GMR and AMR when applying a loop in field. L2
X Mo+ p—gMBﬁL e, (11)
The unspecified functiofi introduced in Eq(8) depends €
on the chosen model. Most models to date yield a torque o
the magnetizatior{parallel or antiparallel to the damping
However, those modé®s?® assume an incident spin-

polarized current onto a thin magnetic layer and the torqu%

Wherel\7|0 is the magnetization of the wire without the cur-
rent andl, is always positivgwhatever the current sense
From Eq.(9) at steady stat@ust before the irreversible
mp), one can getAh(Q,¢) by specifying the potential

generates essentially an in-plane rotation of the magnetiz nergy V(Q,¢:h). For a uniformly magnetized nanowire

tion. In the present context of spin-polarized current-induced . oL ; _ _ ;
effect in a long uniformly magnetized nickel wire where the gil\tre]nug?flal ANiSOtOpYA Nima,(2) = A(€, ¢ =c) IS then
magnetization along the wire axis changes, Bazaliy's
modef? may possibly allow one to extend the torque theory
to the case of the hybrid wire, as it does for nickel wires - _
- 5 : Ahmax=hsu(2)
containing a domain waff® However, the case of the homo-
geneous nickel wire, where the current is thought to enter

unpolarized but exit the wire polarized, may require di1"ferent\’\’h,ere"oC is the angle the magnetization makes with the wire

assumptions. axis ath— A ., during pulse injectiony is the polar vector

An explanation was suggested, different than torqueperpendicular toM, the parameter ¢ is phenomenological
theory, for the angular dependence/oH () applicable and depends on the spin-polarization rate and on the Gilbert
to both the homogeneous nickel wires and hybrid wites. damping parameter.
The spin interaction taking place between the probe and the To fit the dataAhy,,({2), the most direct way to do it is
current is viewed as an out of equillibrium thermokinetic to take the experimental values bf, and extracting the
angle ¢ from the fits ofR(H) in terms of uniform rotation
‘ ‘ ‘ of magnetization. Since the theoretical curve uses experi-
AHpna(Oe) mental values ohg, it also has scatter. An additional scat-
tering of the curve can also occur due to the sensitivity of the
estimation of Ah in errors ong. through the term sing;
—Q). It can be seen that the theory accounts for the main
feature of the daté@Fig. 20.

2cl, (€,-v)— sin(2¢.)
sin(g.— Q)

. (12

1600
1400
1200 |
1000 |

800

600 | VII. CONCLUSIONS

It could be shown that the injection of an electrical current
] of high density {,~10" A/lcm?)in a nickel wire near a meta-
AngleQ stable state provokes the transition from an equilibrium state
onto another equilibrium state that can also be reached by a
minor field sweep without pulse injectioimaking a minor

FIG. 19. (Color online. Measured angular dependence of the hysteresis loop Conversely, if a minor loop does not exhibit
parameted H .., for a nickel half wire with Spin polarizer made of a hysteresis, the pulse does not provoke an observable tran-
15 cobalt layers grown with the single bath technique. The sampl&ition.
exhibits well separated GMR and AMR. The presence of a source of spin polarizati@obalt

400

200

0

-100 -80 -60 -40 -20 0
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0.12

of their contributions, which do not depend on the presence
of the multilayer.

T T
= Hybrid wire
2 —e—Ahmax Experimental

0.1 : 3 +aeeah Theory é Joule heating may be excluded for three reasons. First the
Homogeneous wire 3 * . .
—o— Ahmax Experimental : 4 : | presence of asymmetries in sense of current. The thermal
0.08 | | *@"ah Theory i i power dissipated does not depend on current sense whatever

the magnetic configurations. Second, the study\sf,,.x as

a function of the wire diameter at constant currdnt

=1 mA, has shown that the maximum &fH ., of about

800 Oe for~40 nm radius decreases to 300 Oe4ot5 nm

radius. Third, time-resolved measurements of the increase in

resistance during pulse injection, are consistent with theoret-

ical estimations of about 10 K, which accounts only for a 30

, . ‘ ‘ Oe variation of the switching fiel¢éhot shown.

80 -40 0 40 80 120 160 The effect of the current-induced Oersted field can also be

excluded. MaX\H,,,, at fixed current intensity decreases

FIG. 20. (Color onling. Experimental vs predicted values for with diameter, in the range of diameters lower than

Ahya{2) produced by a negative current flow by taking a param-~35 nm. This is contradictory with the increase of the

eterc=200 for the homogeneous wire aee- 155 for the hybrid  current-induced Oersted field as the wire is reduced and the

wire. current intensity is kept constant. Also, in the range of diam-

eters above ~35 nm the amplitude of the current-induced

layen—at a distance to the nickel wire smaller than typical Oersted field becomes quite lower than ma,,,,, making

spin transport length scales—modifies the current-inducedf the current-induced Oersted field an unlikely substantial

effect on the magnetic state of a nickel probe in a way thatontributor to maX\H,,, in the said range of wire radii.

can be linked only to the spin polarization of the injected Finally, the gradient of the current-induced Oersted field

current. Indeed, the difference in angular dependéangle  must also be excluded. The gradient of the current-induced

the applied field makes with the wire axisf the current-  Oersted field is more than one order of magnitude lower than

induced effect between a nickel wire and a hybrid wire con-the gradient in field in a typical domain wall in nickel. Hence

taining a nickel half wirg(of similar properties to the nickel N0 domain wall is created that could propagate and thus pro-

wire alone clearly relates the effect to the presence of theduce the magnetization reversal.

multilayer half wire in the hybrld' wire. That mpltllayer ACKNOWLEDGMENT

serves as a conduction-electron spin polarizer. This excludes
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