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Uniform magnetization rotation in single ferromagnetic 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. Electrical contacts are established during the growth, allowing
measurements of single wires. The full magnetoresistive hysteresis loop is studied as a function of the angle
between the applied field and the wire direction. For each field sweep, a discontinuity is observed. It corre-
sponds to the irreversible switching of the magnetization. A model of uniform reversal of the magnetization
accounts for the reversible part of these magnetoresistive loops using the conventiémalemendence of the
resistance with the angte defined between magnetization and electric current. The angular dependence of the
switching field is discussed.

[. INTRODUCTION the magnetoresistance of wires with larger diameters in
which the presence of magnetic domains can be expected, as
The recent development of techniques allowing the fabri-observed by Jiset all® Therefore we could hope to get
cation and the measurement of submicrometric structures h&gle domain behavior in these wires of the order of 80 nm
given renewed interest in studying their magnetic propertie§) diameter. Indeed we found, as will be shown, that a model
especially when the dimensions become comparable to @f uniform magnetization reversal accounts for the reversible
characteristic length scale of the material, such as th@art of the magnetoresistive loops considering a large anisot-
domain-wall width. Thus the magnetic order and the magnetopy in the wire direction, as previously inferred from other
tization reversal process of such structures are expected fgeasurements=* On the contrary, considering the ob-
show interesting behavior which could be explained withtained results in this reversible regime, the angular depen-
micromagnetic models. From the app“ed physics point O1dence of the SWitChing fiekﬂrelated to the magnetization
view, the continuous increase in the density of magnetic reteversal in the irreversible regimenay not be described by
cording media implies a good knowledge of the behavior ofthe micromagnetic models of Stoner-Wohlfarth or Curling.
these submicrometric ferromagnetic structures. However, the angular dependence of this irreversible reversal
Compared to e-beam |ithograpﬁ_y°: electrodeposition in  may be defined as a Curling reversal by taking into account
nanoporous membranes is a relatively simple and inexper2 smaller volume than the one, which rotates uniformly. Pos-
sive way of producing magnetic systems of submicrometricsible explanations are discussed.
structures. This technique is particularly suitable for the pro-
duction of long cylinders with diameter less than 100 th. Il. SAMPLE PREPARATION AND MEASUREMENT
Previous studies on isolated, long ferromagnetic
cylinderé'’ focused on the irreversible part of the magneti- Ferromagnetic polycrystalline nanowires of Ni were pro-
zation reversal, the so-called switching field, because of thduced by electrodeposition in commercial nanoporous
experimental difficulties of measuring very small changes ofnembrane of 6 um in thickness. The pores are not per-
magnetizatior(less than 10'* A m?). In contrast, the mag- fectly aligned perpendicular to the membrane. The distribu-
netoresistive measurement has been shown to be a good &bn of the angle between the pore axis and the normal to the
ternative way to get information on the whole reversal pro-plane of the membrane ranges over 17° as specified by the
cess of the magnetization of mesoscopic structiresmembrane manufacturét. The pore density of
Recently, it became possible to detect the full magnetizatiox 108 cm™ 2 is low enough that the wires are magnetically
curve of such cylinder using either micro-SQUIOREef. 9 decoupled? The wire diameters are distributed around an
or resistive measuremerifs:*? average of 8& 20 nm, as measured by transmission electron
In this paper, we present a detailed study of the angulamicroscopy'® Individual nanowires were electrically con-
dependence of the magnetoresistance of single nickel nanowacted with a newly developed technigtighus making pos-
ires. About 20 single wires have been systematically studiedsible the study of magnetization reversal in single nanowires.
The data shown in this paper were taken with two of themTo obtain single contacts on such a density of pores with a
and referred to as sample A and B. Such wires have a pregood reliability, the technique was improved by depositing
dominant shape anisotropy. The observed anisotropic magn each face of the membrane well-defined gold thicknesses
netoresistanceAMR) is of the order of magnitude of that of in order to select a smaller range of diameters. For that, the
bulk Ni. This shows that the contact resistance is low. Thegold electrodgbottom layey was covered with silver paint.
diameter of the wires, of the order of 80 nm, is comparable tdue to the grain size of silver paint, only the solvent pen-
the domain wall thickness of Ni. The magnetoresistance oétrates and closes by drying the pores not fully covered by
such wires looks qualitatively different in comparison with the gold layer(Fig. 1). As a consequence, the effective pore
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FIG. 2. Considering Eq.2) for explaining the AMR, represen-
on of cod w versus(a) O for different values oh and(b) h for
different values of(}.

FIG. 1. Schematics of the improved technique in order to get Rati
single contact.

density was reduced and the probability of establishing a
single contact increased.
Resistive measurements as a function of temperature we
dore 0 characerize e N e feslance, OloWng Daper,are summarized n e Append.
C I . = In order to get a relation between ées the normalized
variation of resistance with temperature and from compari-

X : ; field h= uoH/ uoH, and the anglé€l, the following equation
son with tabulated valueS. Typ|pal resistance yalues, A has to be solvefisee Eq.(A1) with the definitions beloy
room temperature and zero applied field, for Ni single wires,

were m.easureql !n the rangpy=100-20Q2. A lower Iimit (cog w—1)(cosw+h cosQ)2+ (h sinQ)2cof w=0.
for their resistivity of p=13 u{) cm was thus obtained. 2)
Moreover, magnetoresistive measurements gave a typical

AMR ratio of the order ofAR/Ry=(Ry— Rss)/Ro=1.5%  The dependencies of ceson () for different fixedh and on
where R, is the resistance at the field corresponding to & for different fixed () are shown in Figs. @ and 2b),
saturated magnetization perpendicular to the wire. These twigspectively.

values are close to what has been obtained for polycrystalline The distribution in the orientation of the pores forces to
films*® and hints to the quality of the improved single Use two angles to define the orientation of the wire with

contactst? respect to the plane of the applied field rotat{éig. 3). We

Using an ac technique, magnetotransport measuremenise €, the complement to the polar angle and the azi-
were performed with low excitation currents j= muthal angle. The real ang{@ between the applied field and
2x10* A cm?) at room temperature on a manually rotating the wire direction is then given by
sample holder(precision of2°). Typical voltage noise on
measurements is around 40 nV. The electromagnet in a Cos() = cose cosa. ©)
Helmoltz coil configuration could reach a maximum applied
field of ugH=0.7 T with a minimum field step of 0.2 mT.
The field was measured using a transverse Hall probe.

The data were analyzed with the simple model of
Stoner-WohlfartA! of uniform rotation. For the sake of clar-
fﬁ/, the main formula of this well-known model, used in the

The angular dependence of single wires resistance was
first measured at the maximum field of the magnetH
=0.7 T) in order to determine the azimuthal angle vadue
[Fig. 4@]. Then magnetoresistive curves were measured for
different values of this angle: [Fig. 4(b)]. Because of the
symmetry of the curve§o measurable hysteresis loppad

The anisotropic magnetoresistan@MR), being an ef- of the identical resistance at zero field for the longitudinal
fect due to the anisotropy of spin-orbit scattering, depends ofnd transverse direction, the nonzero magnetoresistance
the angle between the current and the magnetization. For a
long single domain wire, the AMR can be expressed as being
proportional to co%»'*?*° where w is defined as the angle wire
between the magnetization and the wire axis becauisethe
same as the angle between magnetization and current in this
case. This gives the following expression for the AMR:

R(uoH,Q)=R, +ARcoSw, ) <——

where(} is the angle between the applied figlgH and the
wire axis,R, is the resistance when the saturated magneti-
zation is perpendicular to the current sh&®=R,,— R, with

R;;, the resistance when the saturated magnetization is par-
allel to the current. In our case, we get;=R(uoHsa
=0°) and R, =R(uoHgsa, 2=90°) with uoHga, the ap- FIG. 3. Angles necessary to give the orientation of the measured
plied field necessary to saturate the magnetization in anwire with respect to the plane defined by the rotation of the applied
direction. field uoH.

IIl. MAGNETIZATION REVERSAL IN INDIVIDUAL
NANO-SIZED FERROMAGNETIC WIRES
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FIG. 5. (@ Normalized magnetoresistive curve=(R
—R,)/AR vs h= uoH/uoH, for sample A ata=90° whereR;
=257.6Q0, AR=4.05Q, and uoH,=0.365 T. For clarity, the up
curve has been shifted by0.3. The full lines are the best curves
obtained by comparison with the suggested model and correspond-
ing to 0 =92°. (b) Angular dependence cos of normalized single
change atn=0° is related to the experimental difficulty to Ni wires resistance at the maximum field of the magng -
align the wires axis with the field. Among the twenty mea-The parameters of normalization for sample B)(are R,
sured samples, none have shown such a zero magnetoresis!56.652, AR=2.65(Q, and uoH,=0.34 T. The curve for
tance change. One of the possible reasons is the imprové@mple B has been shifted by0.2. The solid and dashed lines
ment of the fabrication process. Indeed, the gold layer is noféPresent the angular dependence of the suggested model for the
thick enough to close the pores perfectly perpendicular to th€0rresponding fixedya= toHmax/ toH, taking into account the
membrane surface. Only the off-axis ones are closed. c_orrectlon on() due toe [see Eq(3)]. The corrections are respec-

In the following, we present a reliable procedure which{el: for samples A and B, c82=0.92 and cose=0.97.

demonstrates the excellent match of the predictions of the tharefore a first approximation was made by defirftig

mod_ebll(Fig. 2 toI oukr. experimental da:]eFig. ﬁ') for the re- 5 the resistance at the maximum field for the curver at
versible reversal taking into account the unknown parameter goe” ool R~ R(uoH . a=90°). This value corre-

e. We need to define three other parameters in order t0 N0y, nqs also to the minimum of the resistance in the angular
malize the fielduoH and the resistancB(uoH, @) of our  jependence measured at saturating fiEld. 4). Hence, we
experimental curves and obtain the relationship viitand get R, =257.6Q) and AR=4.05Q for sample A andR,

cos’w of the model. The first two parameters to be deter- 56 g50) andAR=2.650 for sample B. The resistance of
mined areAR andR, which allows to normalize the resis- the experimental curve at=90° was then normalized to

tance values in the following way:=(R—R,)/AR. The ~ _ p_p /AR in order to compare it with the curve &

field values, in accordance with the model, must be normal- . " :
! ! =90° of the model. For that, the applied field of the experi-
ized to the anisotropy fieldoH,, the third parameter. As bp P

i h h btained onlv f mental curve has to be normalized by the anisotropy field
we will see, these three parar?eters. are obtaine only ror,HoHa. Because of the discrepancy discussed above, a sec-
the experimental curve at=90° provided two approxima-

. 4 | 4B h b h ond approximation was made in order to get this field. We
tions are made. Two samp 65 and B) have been chosen o pseryeq that the changes in the width of the envelope of the
reflect the observations made on all the other samples.

experimental curves around=90° were small. Thus, we
considered to compare this envelope with the one of the the-
oretical curve at()=90°. A value of uyH,=0.365

By representing the whole angular dependence measure-0.005 T was obtained for sample A ang,H,=0.340
ment done at the maximum field of the magffey. 4a]as  +0.005 T for sample B. Then, other curves of the model
Rvs cog a, the experimental value of is determined within  aroundQ = 90° may also be compared with our experimental
an error of 1°[Fig. 5b)]. Because of the unknown angée  curve ata=90°. An excellent fit is obtained with the curve
the variation of resistance from this measurement may noit ()=92° [Fig. 5a)] for sample A and at)=88° for
give the total variatiolAR. Only the magnetoresistive curve sample B, without changing any of the three parameters.
at «=90° (equivalent to()=90°) gives the reahR=R,  This justifies the two approximations mentioned above. Hav-
—R, with Ry=R(ugH=0T, @=90°) and R, =R(uH ing fixed these three parameters for each sample, the other
=uoH,, «=90°) [see Egs(1) and(2)]. However, similar  experimental curves may be normalized by these same pa-
magnetoresistive curves are obtained aroandd0° over a  rameters.
range of 2-3° and each curve is not completely flat above The first comparison between the model and the experi-
moHa [Fig. 4(b)] unlike the predictions of the modéFig.  mental data can be done on the angular dependence of the
2(b)]. This discrepancy ak=90° could be explained by the magnetoresistance at the maximum field of the magnet in the
fact that higher order terms in the magnetocrystallipe  saturated regime. Because the magnetization of the wire
uniaxia) anisotropy have been neglected in the model deshould be along the field, we can check if the relatibrand
scribed in the append?é This may also simply reflect the (2) may be really used to express the link between the resis-
difficulty to perfectly well align the magnetization perpen- tance and the magnetization. Having determined the anisot-
dicular to the wire axis due to, for example, some defaultropy field, the angular dependence of the model for the nor-
acting as pinning center. malized maximum field h, = moHmax/ woHa mMay be

FIG. 4. (@) Angular dependence of a single Ni wire's resis-
tance (sample A at the maximum field of the magnet, i.e.,
MmoHmax=0.7 T. The anglex is defined as the azimuthal angle be-
tween the plane of applied field rotation and the wire &see Fig.
3). (b) Magnetoresistance of this wire for different angtes

A. Reversible part
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FIG. 6. Normalized magnetoresistive curves
vs h for the samples A and B at different values
of a where r=(R-R)/AR and h
= uoH/ uoH, . Their resistances at the maximum
field (ugH=0.7 T) are equal to, respectively,
R, =257.6Q with a magnetoresistance &R
=4.05Q [(a) and (c)] and R, =156.65Q with
AR=2.65Q [(b) and(d)]. Their anisotropy field
has been fixed tougH,=0.365 T and uoH,
=0.34 T. For clarity, the down curves have been
shifted by 0.1 for(a) and(b), and by 0.2 for(c)
and (d). The full lines are the best curves ob-
tained by comparison with the suggested model
and the correspondin@ value gives for(a) «
o S PN =34°-0=38°, (bh) «=30.5°-0=31°,(¢) «a
-15 -0 05 00 05 10 L5 -15 <10 05 00 05 1.0 15 =74°-Q0=73°, and(d) «a=70.5°-Q=70°.
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compared with the experimental measurement for eaclow us to distinguish between the samples in which the mag-
sample. Taking into account the correction fordue toe  netization rotates uniformly up to the switching state and the
[see Eq(3)], good agreement is fourjéig. 5(b)]. However,  others. We detect an apparent correlation between large an-
the sensitivity of such an analysis to determénis low, and  isotropy field and uniform rotation. Indeed, three samples
large errors can occur. On the other hand, this agreememtay be really defined as showing a full agreement with the
makes possible to continue the comparison on all the othejpplied model. They are the ones, which have the highest
experimental magnetoresistive curves. Again, a quite reyalyes of the anisotropy field. The major part of the wire
markable agreement is found between each experimentglay pe viewed as a single magnetic domain rotating uni-
normalized curve(defined bya) and a curve of the model formly. The deviations appearing in the magnetoresistive
(defined by() (Fig. 6. Nevertheless, in order to get a proof ;e correspond then to some small parts of the wire hav-
of the validity of our procedure, the obtained coupleing defaults acting as pinning center, for example.
(cosa,cos()) has to satisfy Eq(3). An excellent linear fit is The value of the anisotropy fie]d ofioH,=0.365 T

observed with the slope being ceo<Fig. 7). For all the . :
samples, the values range between 10° and 20° close to thefounOI for sample A can be analyzed in term of magnetic

range provided by the manufacturer of membranes. The folanlsotroples. We consider a saturated magnetization for Ni

h — 25,26
lowing parameters have been obtained for sample A and Bt.’u”( sample ofuoMs=0.6 T. From Eq.(A2), a large

€=(16.2+2)° and e=(10+4)° respectively. This last re- uniaxial anisotropy of at least;=1.55x 10*(J/m?) is de-
sult underlines the fact that a single Ni wire with diameterduced. Such a value has already been observed and magne-
around 80 nm may be viewed as a single magnetic domailpstrictive effects assomat3ed with the strain due to the growth
rotating uniformly with field from the saturation state to the Process were suggest€d:* Another influence of stress on
remanent state. From the remanent state to the switchingagnetic anisotropyK was also shown in a work of
state(the jump in the magnetoresistive curyetepending on  Jortitsma and Mydosft.
samples, deviations to the applied model may be observed
[Figs. 6b) and Gd)]. These deviations are more pronounced
at low anglesa. B. Irreversible part

From the analysis presented above, nothing special in the The irreversible part of the magnetization reversal is ob-
extracted parameters, particularly from thevalue, may al-  served in the magnetoresistive curves in the form of a jump

y (Fig. 6) at the so-called switching field. For the three samples

showing an uniform rotation up to this field, the angular
8T ##f dependence of the switching field may be compared with the
oer A two known reversal modes, namely the Stoner-Wohlfarth
G #—’# ] and the Curling modeEEgs. (A4) and (A8)]. These modes
s 02r _,#"' 1 should only be applied when the magnetization is rotating
o w,.—”’ 1 uniformly before the irreversible jump. Having determined
Zz P the value ofe, the experimental angle is corrected to get

02 00 0z 04 06 08 10 the angular dependence of the switching field as a function
cosa of the angleQ) of the model. Then, by considering a satu-
FIG. 7. Linearized relation between the angleobtained from  rated magnetization value @f;M¢=0.6 T *>?*an exchange
. . ) S i . ’
the applied model and the measured azimuthal angl&he solid  length ofr=20 nnf and having fixed the value of the an-
and dashed lines are linear fit to EG) with, respectively, for isotropy field tougH,=0.365 T deduced from our analysis
samples A and B, cas=0.96+0.01 and cog=0.985+0.01. of the magnetization reversal in the reversible regime
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observation done in the reversible regime with a deduced
value of at leasK;=1.55x 10%(J/m°®) for sample A.
By suggesting that the strain due to the growth process is
identical along the wire, the deduckd from the irreversible
part may be subtracted to the anisotropy field deduced from
the reversible part and a shape anisotropy is extracted. Such
anisotropy ranges between 0.20 T and 0.22 T giving a de-
magnetization factoN, varying between 0.445 and 0.455.
Form this analysis and with the suggestions made, the
magnetic volume which rotates uniformly is an ellipsoid
00 02 o4 o 08 1o with short axis around 80 nm and with its long axis 3 to 3.5
sin2Q) longer. So, we may consider the wire as a succession of such
. . ellipsoid rotating coherently together, as it has been observed
FIG. 8. Angular dependence of the normalized switching fleldby Martin et al. in coupled Co doté! The large uniaxial

hgw= moHsw/ moH4 for (a) sample A defined with its anisotropy : : : :
anisotropyK; could be the factor insuring the uniform rota-
field deduced from the reversible regimg;u,H,=0.365 T. The tion PYR1 g

dotted line represents the prediction for a Stoner-Wohlfarth mode . . . .
e o Such a picture for the wire may also explain the devia-
reversal[Eg. (A4)]. The solid line represents the predictions for a . . . .
tions appearing in the magnetoresistive curves of some

Curling mode reversdlEq. (A8)] with S=2 andN,=0.5. TheS o .
g dEq. (A8)] ¢ samples between the remanent and the switching fffalgl

=2 has been chosen considering a wire radius=00 nm and an . .
exchange length af,=20 nnf. (b) Samples A and B with lowered 6(b) and &d)]. If the measured magnetoresistance of the wire

anisotropy fields in order to satisfy the prediction of a Curling re-Corresponds to a mean value of the magnetoresistive contri-
versal §=2 fixed. The solid and dashed lines which fit the data Putions of each ellipsoid instead of an unique contribution of
points have been obtained, respectively, with the following param@ 10ng cylinder, this mean value could be lower if a certain

eters: uoH,=0.27 T with N,=0.413 anduoH,=0.23 T with N, number of ellipsoid have their long axis not fully aligned
=0.408. with repect to the wire axis. Such an effect would be more

pronounced close to the switching field and for the low
(sample A, none of the two modes accounts for the angularzpglesq.

dependence of the normalized switching fiell,
= poHsu/ moHa [Fig. 8@)]. IV. CONCLUSION

The angular dependence of the switching field in a single i ) i
magnetic domain has already been addressed by several W& Were able to perform electrical contacts to single Ni
groups?'g*lz'zsln particular, relaxation measuremegr'ﬁ%sug- nanowires. The anisotropic magnetoresistance measurements
gest that we need to consider that the irreversible magnetP? these wires present a reversible part and an irreversible

zation reversal nucleates in a volume smaller than the wholBa't Of the reversal process. The reversible part can be ac-
magnetic volume. In this casgH, can be considered as counted for by uniform rotation of the magnetization for any
. a

different from the value taken for the reversible part. Then2ndle Of the wire axis with respect to the applied field direc-

the lower part of the angular dependence of the switchin%‘on' The adjustment is precise enough that we can even
field may be well fitted considering a Curling mode with the dtect the slight off-axis misorientation of the wire with re-
following values:uoH,=0.27 T, N,=0.413, andS=2 [see spect to the field due to the membrane fabrication process. A

: ; ; big value for the anisotropy fielggH 4 is extracted and can-
Fig. 8(b)], as was suggested previoushBy allowing uoH, ) =0T Ta :
to be a free parameter, such analysis is applicable to all o ot be accounted for as arising from the shape of the wire. A

samples. The result for sample B isoH.=0.23 T, N arge induced uniaxial anisotropy is found. The angular de-
—0 508 andS=2 [Lliig 80b)] P Fola ¥ pendence of the switching field was also compared with the
The idea of a nucleation has also been suggested icromagnetic models of the uniform modéStoner-

Braurf® where he calculated the effect of the wire ends on'’oNifarth model and Curling mode. By using the informa-
the irreversible reversal and observed that the switching fieldon (partlcularly the '?‘fge anisotropy fielgiained from the
was lowered due to such edge effects. analysis of the reversible part, we conclude that the observed

Considering then that the extracted parameters from thgngular dependence of the sw!tchmg f|e_|d cannot he ac-
Curling mode in a smaller volume have a physical meanin .ounted for _by thesg modes. This is consistent with the no-
with regards to the entire wire, the following picture for the ion that the irreversible reversal nucleates in a volume much

reversal in the entire wire may be given smaller than the volume of the wire. In this case, a lower
From the demagnetization factdk, ranging between 0.4 anisotropy field can be chosen and the Curling mode may

and 0.42 for all our samples, we suggest that, in the errors 0qescribe the angular dependence of the switching field. Com-

our measurements, specially the wire diameter, the Sam,%aring the results gained from the reversible and irreversible
small volume is involved in the irreversible reversal. This parts, a single Ni wire may then be viewed as a succession of

volume corresponds to an ellipsoid with short axis of thee”'pso'd’ with a mean magnetic volume defined by a short

order of the wire diameter and a long axis of twice the shor?x!? arolunbd 80 nm a}ntﬂ allong axis 6!“?“”9' 2t50 hm, rotating
axis, as was previously suggestéd. uniformly because of the large uniaxial anisotropy.

From the anisotropy field deduced fror_n the fit of the ACKNOWLEDGMENT
switching field to the Curling mode, a large induced uniaxial
anisotropy K; is found and ranges betweerk,;= This work has been supported in part by the Swiss Na-

2.0x 10%(J/m®) andK;=3.2x 10*(J/m?). This confirms the tional Science FoundatiofGrant No. 20-55965.98
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APPENDIX: THEORETICAL SUMMARY

Considering an oblate spheroid with easy axis in the
direction, we define the anglesand() as the orientations of

the magnetizatiol and the applied fielgeH with respect

to the easy axis. The total energy density of this system is

Y. JACCARD et al.

PRB 62

Another reversal mode for the magnetization may be con-
sidered: the anisotropic Curling mode. Following Aharhi,
we replace Eq(A3) by the following one:

expressed by three terms: the Zeeman energy density, ﬂWnere
shape anisotropy and the magnetocrystalline anisotropy ap-
proximated to the first order. This last term may also repre-

sent a general uniaxial anisotropy provided its axis is parallel
to the easy axis of the spheroid. Stating that the equilibrium

value of the magnetization at a fixed field is at the minimum

of the total energy density, provides one equafioff:2°
2h'sin(Q — w)=sin2w), (A1)

whereh= uoH/uoHa, woHa=2K/Mg, My is the satura-
tion magnetization, and

oM
2

K=K+ (3N,—1), (A2)
with N,, the demagnetization factor in thedirection and

K, (or K,), the anisotropy energy density factor.

Taking the inflection points of the total energy density, we

get a second equation:

hcog(Q)—w)=—coq2w), (A3)

which gives, by combining with EGA1), a relation between

Q) and the switching field for the so-called Stoner-Wohlfarth

mode,hy:

(A4)

_ 1( 1 [4n3-1)°
SmZQ__h_g(_Ei 12 .

hcogQ—w)=asirfw+b, (A5)
Kl 3 1,(L0MS
a—l+R—E—EMOHa(3NX—l) (A6)
and
M2 k| K M k
b:MO s Nz__ __1:MO s Nx__ _1,
2K 28?) K woHa 232
(A7)

k is a numerical factor depending on the anisotr&bgnd
S=r/rg represents the reduced radius of the wirgsheing
the exchange length.

By combining Eqs(Al) and (A5), we get a relation be-
tween ) and the switching field for the so-called Curling
mode,hy:

Sif Q= %[—(1—a)2c055w1+(1—a)(l—3a
1

—2b)codw;+(a+b)(2—3a—b)cow,+(a
+b)2], (A8)

with

2a(a+b)—1+\[1-2a(a+b)]?—4(a’—1)[(a+b)?—h3]

cos w,=

2(a®-1)

Unlike the case of the Stoner-Wohlfarth mode, the relation here bet@emmd the switching field for the Curling mode;,
depends on two parametaasandb or N, andk/2S? if uoM¢ and ugH, are known.
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