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Magnetoresistance of Ferromagnetic Nanowires

J-E. Wegrowe, D. Kelly, A. Franck, S. E. Gilbert, and J.-Ph. Ansermet

Institut de Physique Experimentale, Ecole Polytechnique Fédérale de Lausanne CH-1015 Lausanne, Switzerland
(Received 16 March 1998

Magnetoresistance of single Ni and Co nanowires, of about 60 nm in diameter and 6000 nm in
length, was measured at room temperature. The full magnetoresistive hysteresis loops of single Ni
nanowires, including the irreversible jump, are understood qualitatively, and major progress has been
made towards their quantitative description, on the basis of anisotropic magnetoresistance. In contrast,
the magnetoresistive hysteresis loops of single Co nanowires could not be described quantitatively, due
to the presence of nucleation processes of domain walls or vortices. [S0031-9007(99)09021-3]

PACS numbers: 72.15.Gd, 75.10.Hk, 75.60.Ej

The ability to engineer magnetic systems on thependence of the resistance on the angle between the current
nanomater scale increasingly produces new physicand the magnetization. Accordingto acommonly accepted
phenomena and poses challenges to established modelsviéw [16,17] the AMR of bulk polycrystalline samples is
magnetic behavior. The most spectacular of these inproportional to cosw, wherew is the angle between the
volves the electrical transport of magnetic nanostructuresurrent (which is parallel to the wire axis) and the magne-
and the emergence of effects relating to spin-scatterintization M (H) (which in turn, is a function of the applied
asymmetry which promise a new generation of spin elecfield H). This simple law derives from the high symme-
tronic device technology [1]. Exploitation of these effectstry of the resistivity tensor in bulk materials. However, in
in device form demands a detailed understanding of botkhe case of magnetic nanostructures, deviations may be ex-
the transport and the magnetization behavior of suclpected, due to diffusive scattering at the surface [17]. Ne-
nanostructures, at a basic level, yet experimental studglecting such finite size effects, the magnetoresistive curve
is widely frustrated by the general complexity of suchR(H) is related to the magnetizatidd(H) by
systems [2—5]. In this paper we exploit novel preparation M(H) 2
methods to present for the first time at coherent study R(H) = Ry + (AR)max<—> (1)
of a single ferromagnetic nanowire whose magnetization M;
reversal better approximates to ideal textbook of magnetievhen the magnetization is uniform and measured along the
ellipsoid [6]. This simplicity in turn leads us to a better wire axis (and hencé/ (H) = M, cogw(H)], where M;
understanding of its magnetization and transport behavids the saturation magnetization). In Eg. (1), the quantity
and its explanation in terms of anisotropic magnetoresistAR)max/Ro defines the AMR ratio.
tance (AMR). Our ferromagnetic nanowires are of course the extreme

Ni and Co nanowires were produced by electrodepoease of an ellipsoidal ferromagnetic particle, and so the
sition in porous membranes. The wires were polycrysnanowire magnetizatioW (H) may be understood in terms
talline and6 um in length. Their average diameter was of the physics of magnetic ellipsoid with appropriate
60 nm, and the standard deviation about 20 nm, as meanodifications. In particular, the magnetic hysteresis loop
sured by transmission electron microscopy [7]. The wiresV(H) of a single monodomain particle is decomposed
were shown to be magnetically decoupled [8]. The magin a reversible reversal and an irreversible discontinuity,
netization of one single magnetic nanowire, of the order ofvhich occurs at the switching fiel#/sy. This jump
107 emu (107'* A m?), cannot be measured with con- of the magnetization corresponds to the unstable states
ventional magnetometry, but the magnetization reversalesponsible for the hysteresis, which are, in turn, peculiar
can be detected with near field microscopy [9], electrorto the magnetization reversal mode. This latter can thus
holography [10], and micro-SQUID [11] techniques. Also be characterized by measuring the angular dependence
the AMR [12], was shown to be adequate for measuringf the switching field Hsw(6), where 6 is the angle
very small magnetization variations. The magnetoresisbetween the applied field and the wire axis. The field
tance of a set of nanowires contacted in parallel in thedsw(6) can be determined experimentally by observing
membrane has been measured previously [13,14]. Heré#he discontinuity of the magnetoresistive hysteresis. Then,
single nanowires were electrically contacted with a newlythe full magnetoresistive hysteresis loop can be deduced
developed technique [15], thus making possible the studfrom relation (1) and the micromagnetic model which
of magnetization switching in single nanowires by electri-givesM (H).
cal transport measurement. The magnetoresistive hysteresis loops of the Ni sample

Anisotropic magnetoresistance is an effect due to thés shown in Fig. 1 for two different anglet$°® and45°, of
anisotropy of spin-orbit scattering which results in the dethe applied field. The resistan® of one wire was about

0031-900799/82(18)/3681(4)$15.00 © 1999 The American Physical Society 3681



VOLUME 82, NUMBER 18 PHYSICAL REVIEW LETTERS 3 My 1999

420 Q) and the AMR ratio 0.8%. Hsw(6#) curves were magnetocrystalline anisotropy parallel to the wire axis is
thus generated for single, isolated Ni nanowires (Fig. 2)taken into account in the curling rotational mode [18].
The U-shaped curve, which is typical of curling in infinite The model assumes that the magnetization is uniform
cylinders without magnetocrystalline anisotropy, had to bébefore the perturbation into this state. The switching
corrected for the hump at small angle. This hump carfield is the solution of the following system of equations
be seen in the data reported by others [9,11]. A recerderived from Brown's equation [19] for an ellipsoid of
model of Aharoni shows that the hump occurs wheq aevolution [18]:

-

yys codf — w) = 2(D, sifw — D, coSw)
k K, K> .
1 T8 2w (3coSw — 1) — 227TM§ sifw(5c0Sw — 1) , )
. K, K> . .
sin@ — w) =D, — D, + + sinfw | sin(2
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where D, and D, are the demagnetizing factors of the hump at small angles. The bulk magnetocrystalline
the ellipsoid andk; and K, are the magnetocrystalline anisotropy is aboutk; = 5 X 10* erg/cm®. The high
uniaxial anisotropy constants. The paramefeis the value of K; found here can be attributed to the strains
reduced radiusS = r/ro. The exchange length is linked of Ni grown by electrodeposition. The anisotropy caused
to the exchange consta@tby the relationR, = /C/2M? by strain can be estimated as induced by magnetostriction.
and is comprised in the range 10 to 20 nm [10]. TheFrom typical strain values [22], an anisotropy of the order
radius» was not known exactly. It was in the range of of 10° erg/cn® can be expected [8]. However, the fit
20 to 40 nm relative to the Gaussian-like distribution ofperformed with the demagnetizing factors corresponding
pore diameters [8]. The parameteris defined in [21]. to the aspect ratio of the cylinder (ank = 1.079)
The parameterd,, D, and k are known functions of over estimates the switching field by about 0.5 kOe.
the aspect ratio. The parametefsand K; were used Evidently, an important contribution has been omitted
as adjustable parameters (Fig. 2). In our polycrystallinen this description, which facilitates the magnetization
samplesK 1 is the magnetocrystalline anisotropy constantreversal. It may come from the surface anisotropy, from
averaged over the whole cylinderk, was taken to a perpendicular magnetocrystalline anisotropy, or more
be zero. The uniaxial magnetocrystalline anisotréfy likely, from the structural defects of such polycrystalline
must be abouR X 10° erg/cn? in order to account for Ni wires.
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FIG. 1. Ni magnetoresistive hysteresis1at and45°. Bias current0.3 uwA. The continuous lines are predictions based on the
curling model of magnetization reversal and the AMR quadratic dependence of the projection of the magnetization in the direction
of the current. Inset: Zoom of the magnetoresistive discontinuity at the switchingHigld for 6 = 15°. The points correspond

to increasing (full circles) and decreasing (empty circles) field measurements.
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This discrepancy could be accounted for in the frame- A different picture arises with Co nanowires, where the
work of the present model by supposing that some lopresence of a domain wall was observed. The comparison
cal defects allow the nucleation of the magnetization inof the remanent states af and 85° shows that about
part of the wire only. In this picture, once the longi- % of the magnetization is perpendicular to the wire
tudinal anisotropy was adjusted to produce the hump aaxis (Fig. 3). Neither uniform magnetization reversal nor
small angles, the shape anisotropy was adjusted by settimyirling could explain these curves. The jump observed
the demagnetizing factors fo, = 0.426 andD, = 0.148 in the inset of Fig. 3 corresponds to the nucleation of
(k =1.27), and S to 2.06 R of about 30 nm). These a domain wall [23]. An annihilation jump close to the
values correspond to the nucleation of a volume of asnaucleation jump could also be seen at some angles. Note
pect ratio of about 2:1 [11]. A discrepancy persists abovehat the Hsw(0) data measured on single Co nanowires
50°. In the model, large angles correspond to a uniformFig. 4) were close to the predictions for the switching
rotation over the quasitotality of the reversal. A devia-field obtained by applying the formula of the curling
tion from uniform reversal because of the pinning of theswitching field of an infinite cylinder of radius 38 nm
magnetization by surface defects can hence be expectedwithout magnetocrystalline anisotropy. However, as long
large angles. as domain wall states and nucleation and annihilation

The full Ni magnetoresistance hysteresis loopd#t  of domain walls cannot be described micromagnetically,
and 45° (Fig. 1) were predicted with the parameters ofthe spin-dependence scattering process responsible of
the previous fit toHsw(6), and the measured value of the hysteresis loops in Co nanowires, e.g., domain-wall
the AMR ratio, that is with no adjustable parameter. Thescattering effects [3,24], cannot be evidenced without
following assumptions were made: The stable states havierther investigation.

a magnetization direction given by the Stoner-Wohlfarth In conclusion, our experience with the AMR of
model of coherent rotation before the jump, and thenanowires suggests that nanometer scale spin-dependent
jump occurs at the field given by the solution of Eq. (2).scattering processes may be studied experimentally only
After the jump, the next stable state was taken to béf the underlying micromagnetic configuration is well
the magnetization state of the Stoner-Wohlfarth modetlefined and independently characterized. In the case of
obtained in a reversed field sweep (inset of Fig. 1). TheNi nanowires, which displayed the simple micromagnetic
discrepancies at large angles between the observed valuesnfiguration characteristic of single domain ellipsoids,
of the switching field and the prediction of the modelthe field and angular dependence of the magnetoresistance
(Fig. 2) appear also on the whole magnetoresistanceould be explained quantitatively by the usual anisotropic
hysteresis curves. This shows that the hypothesis ahagnetoresistance model, thereby verifying the quadratic
uniform magnetization states before the jump breakslependence of the resistance on the cosine of the angle
down at larger angles. An alternative explanation forbetween current and magnetization at small applied field
these discrepancies at larger angles could be a deviatiangles. From the micromagnetic point of view, the angu-
from the AMR law (1) due to the finite size effects [17]. lar dependence of the switching field could be described
Unfortunately, a correction of a few percent to higherup to 50° orientation of the applied field using Aharoni’s
order in cosw of the magnetoresistance (1) can hardly bemodel of curling rotational mode. However, this descrip-
observed at small angles, but could account for the weakon applies only when the volume in which the reversal

discrepancy of the AMR curve d6° (Fig. 1). nucleates was assumed to be a “rugby ball” of aspect
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FIG. 2. Switching field of Ni nanowires vs angle between ‘ ‘ W H(kOe)
wire and field. Dotted line: Values of the switching field 10 5 0 : 5 To

of the curling reversal mode in the cylinder 100:1, with

magnetocrystalline anisotropy; as adjustable parameter. FIG. 3. Magnetoresistive curve of a Co nanowire for longitu-
Solid line: Curling with the previousk; and adjustable dinal and transverse applied field. Bias curréniA. Inset:
demagnetizing factor®, and D, . Zoom of the magnetoresistive discontinuity f#r= 1°.
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