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Magnetization reversal in permalloy ferromagnetic nanowires investigated
with magnetoresistance measurements
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The magnetization reversal process in single Permalloy (Nig;Fe;9) nanowires has been investigated by
magnetoresistance measurements as a function of the angle between the applied field and the wire direction.
The Permalloy nanostructures fabricated on an ultrathin film by atomic force microscopy consist of two large
rectangular pads connected by a nanowire with the shape of a long thin narrow tape. For each field direction
in the plane of the film the dependence of the magnetoresistance on the field value exhibits two main contri-
butions: one from the pads and one from the nanowire. The contribution from the pads is due to a usual
anisotropic magnetoresistance characteristic of coherent magnetization rotation, whereas the contribution from
the nanowire is an abrupt transition at the switching field. The dependence of the switching field on the
in-plane field angle is quantitatively described by a model of nucleation field with the buckling magnetization

rotation mode.
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I. INTRODUCTION

The understanding and control of the magnetization rever-
sal processes in patterned nanoscale magnetic structures has
been the subject of considerable interest in recent years due
to the emergence of novel size-dependent magnetic effects
and their potential application in magnetoelectronic
devices.> Among these structures the magnetic nanowires
have attracted particular attention because of the possibility
of their fabrication with a very large areal density. From the
experimental point of view, anisotropic magnetoresistance
(AMR) (Ref. 3) measurements have been shown to be a very
sensitive technique to investigate magnetization reversal pro-
cesses as well as the domain-wall structure in magnetic
nanoscale systems.* In such experiments the ferromagnetic
sample is saturated by a strong magnetic field applied along
a certain direction. As the magnetic-field value is scanned
and eventually reversed, an instability of the magnetization
usually occurs at a critical-field value, leading to a magneti-
zation reversal. The angular dependence of the switching
field is compared to the predictions of theoretical models in
order to draw conclusions about the micromagnetic origin of
the magnetization reversal process. Although theoretical ef-
forts have elucidated most of the features that go along with
the magnetization reversal in nanoscale elements, important
questions remain open regarding the micromagnetic origin of
the reversal process in constrained structures with nonellip-
soidal shape.

In this paper we report the results of experimental and
theoretical investigations of the magnetization reversal pro-
cess in magnetic nanowires with the shape of a long thin
narrow tape. We use magnetoresistance measurements to
characterize the magnetization reversal process and show
that the angular dependence of the switching field is quanti-
tatively explained by a model of nucleation dominated by an
oscillatory buckling mode for the magnetization. Previously
published papers support that the switching of the magneti-
zation in nanowires is dominated by a curling reversal
mode,> which is probably valid for cylindrical geometries®’
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but not for tapes® as shown in the current investigation. The
paper is organized as follows: Section II presents details of
the fabrication and characterization of the nanowires used in
this investigation and the data of the angular dependence of
the switching fields in two samples. Section III presents the
theory for the oscillatory buckling mode of the magnetiza-
tion in a nanowire with the shape of a long thin narrow tape.
Section IV is devoted to the comparison between theory and
experimental data and Sec. V summarizes the investigation.

II. EXPERIMENTAL DETAILS AND MEASUREMENTS

We have investigated magnetization reversal processes in
several structures consisting of two rectangular pads measur-
ing 70X 80 wm?, which are connected by a 5—10-um-long
nanowire having widths in the range of 300-400 nm and
fabricated on Permalloy (Py) films with thickness in the
range of 3—10 nm. Atomic force microscopy (AFM) has been
used to fabricate the nanostructures. A 30-nm-thick film of
Polymethylmethacrylate (PMMA) of high molecular weight
(996 000 g/mol) is spin coated at 5000 rpm on top of oxi-
dized Si substrate from a 1.0 wt % solution in anisole. The
nanostructure pattern is mechanically transferred to the resist
film of PMMA by scratching the AFM tip on the resist film
surface.” A Py (Nig,Fe o) film is then deposited by sputtering
on the patterned sample. To prevent oxidation a SiO, layer of
1 nm thickness is deposited on top of the Py structure. In
order to remove the PMMA left over, the sample is finally
soaked in an ultrasonic acetone bath for a few minutes and
then dried under nitrogen flow. In order to make the macro-
scopic contact with silver painting, palladium pads measur-
ing 3 X3 mm? are sputtered before the spin-coating step. An
illustration of the final structure is shown in Fig. 1(a) and a
scanning electron microscopy (SEM) image of the magnetic
part of one of the samples is presented in Fig. 1(b).

Magnetoresistance (MR) measurements were carried out
at room temperature using a direct current (dc) of 200 pA
passing through the Pd pads and the Py nanowire and sweep-
ing the external magnetic field applied in the plane of the
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FIG. 1. (a) Schematic of the nanostructures used in this investi-
gation. The two Pd pads (light gray) measuring 3 X3 mm? were
used as the electrodes to apply the current for the MR measure-
ments. The ferromagnetic structure is illustrated in dark gray. (b)
SEM image of a ferromagnetic nanostructure of Py consisting of
two rectangular pads measuring 70 X 80 mm? connected by a Py
nanowire having length of 12 um, width of 290 nm, and thickness
of 12 nm.

sample. Figure 2 shows a typical MR data obtained with the
external magnetic field applied parallel to the wire axis. The
magnetic-field dependence of the measured resistance is
clearly a superposition of a continuous variation correspond-
ing to a reversible rotation of the magnetization and discon-
tinuous jumps attributed to irreversible magnetization
switching. The magnetic-field up-sweep MR data shown by
the solid line in Fig. 2 exhibits three magnetization regimes
as described in the next paragraph: (a) A coherent rotation of
the magnetization in the macroscopic pads (region 2); (b)
pinning and depinning of the domain walls that separate the
nanowire magnetization region from the pads magnetization
regions (see the downward steps shown in region 3 of Fig.
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FIG. 2. Longitudinal MR for the structure described in Fig. 1(b)
as a function of the applied magnetic field. The up-field sweep
(solid line) exhibits four different regimes of magnetization states.
The switching field is characterized by the abrupt change occurring
at 40 Oe.
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2); and (c) switching process of the nanowire magnetization
that occurs within a very narrow range of magnetic field
where the magnetization of the nanowire reverses completely
(between regions 3 and 4).

We will concentrate our analysis on the MR variation ob-
tained with the up sweep of the magnetic field applied along
the wire axis shown by the solid line in Fig. 2 and charac-
terized by the four regions: (i) In region 1 (-80<H
<-30 Oe), the magnetizations of both Py pads and Py
nanowire are saturated resulting in an essentially constant
MR signal; (ii) in the middle of region 2 (-30<H
<13 Oe), the MR variation shows a continuous negative
reversible peak near zero field attributed to the magnetization
reversal of the pads. This behavior is typical of the AMR
when the current is parallel to the magnetic field applied in
the film plane, in which the magnetization reverses by coher-
ent rotation as described by the Stoner-Wohlfarth model.'° In
this case AMR cos?(¢y— ), where ¢, and ¢;(=0°) are,
respectively, the angles that the pads magnetizations and cur-
rent direction make with the wire axis. The minimum (cor-
responding to ¢,,=90°) occurs at a field value near zero as
expected for the low coercivity Py macroscopic pads; (iii) in
region 3 (13<H<38 Oe), the MR data show a series of
down steps, which we attribute to domain-wall movements at
the interface between the nanowire and the pads where the
magnetization has to overcome local pinning barriers; and
(iv) finally, in region 4, (H>40 Oe), there is an abrupt tran-
sition to a plateau where the constant MR indicates that satu-
ration has been achieved and the magnetization of the whole
structure has been reversed. The abrupt transition character-
izes the switching of the magnetization in the long nanowire.
As it will be shown in the remainder of this paper, the
switching of the magnetization in the nanowire has a nucle-
ation with the buckling instability mode.

In order to compare theory with experiments, we mea-
sured the MR varying the direction of the applied field in the
film plane. Typical magnetoresistive hysteresis loops ob-
tained in the same sample of Fig. 2 are shown in Fig. 3 for
three different in-plane angles. As the pads hystereses are
negligible, the hysteresis behavior observed in all of MR
curves is due to the irreversible rotation of the nanowire
magnetization. As observed by other authors,®%!! the
switching field (H,) values, indicated by the arrows, exhibit
a significant dependence with the angle ¢y between the field
and the direction of the nanowire. Figures 4(a) and 4(b) show
detailed measurements (data are shown by the empty circles)
of Hg, versus ¢y for two different samples with dimensions
described in the captions. Although the data can be well fit-
ted by the equations derived for the curling nucleation mode,
we noticed that in this case the extracted physical parameters
are completely unrealistic. For instance, if we fit Eq. (12) of
Ref. 5 for the curling mode to the data of Fig. 4(a) with
demagnetizing factors as adjustable parameters, we obtain
D,=D,=0.341 and D,=0.318. These values correspond ap-
proximately to a spherical sample, which does not make
sense in comparison with our rectangular nanowires. Actu-
ally the appropriate test of how good is our interpretation is
given by the extracted physical parameters. The U-shape
curves symmetric around H=0 shown by the solid lines in
Figs. 4 are obtained with a calculation for the buckling mode
described in Sec. III.
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FIG. 3. Magnetoresistance hysteresis obtained at three different
in-plane field angles for the same sample of Fig. 2. Arrows indicate
the switching field values.

III. THEORETICAL MODEL

The problem of magnetization reversal in confined geom-
etries that reappeared in the last decade is mainly due to the
feasibility of fabrication and characterization of single
nanostructures.>%!! Some of the investigated nanostructures
are patterned nanowires with the shape of long narrow thin
tapes, but the theoretical models used to interpret the mea-
surements are based on the nucleation theory developed for
ellipsoidal geometries.>'%!3 This approach led to unexpected
physical results, and the parameters obtained by the numeri-
cal fittings to the experimental data are nonrealistic. Nucle-
ation theory proposes that the magnetization reversal occurs
by three different modes: coherent rotation, curling, and
buckling. Coherent rotation and curling modes can be ana-
Iytically solved for some special nanostructure shapes such
as ellipsoids of revolution. On the other hand, magnetization
reversal by buckling mode has only been considered in the-
oretical numerical analysis.'*

Due to the rectangular geometry, magnetic nanowires of
rectangular cross section should be expected to exhibit a
magnetization reversal mode different from curling or coher-
ent rotation. This is so because both these modes create un-
compensated magnetic poles along the nanowire edges,
which increase the magnetostatic energy. Here we propose
that the nucleation mode for the instability in rectangular
cross-section nanowires is the oscillatory magnetization
buckling mode that has been theoretically investigated
recently.!®13
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FIG. 4. Switching field of Py nanowires as a function of the
in-plane angle. The open circles represent the experimental data
measured by MR and the solid lines are the fits with the theoretical
model for the nucleation field using the magnetization buckling
mode. The calculations for the two samples were done with the
following parameters: (a) Geometrical parameters: length=10 wm,
width=460 nm and thickness=3.5 nm. Fitting parameters: N,/
=47x0.023 and N, =0; and (b) geometrical parameters: length
=6 um, width=290 nm and thickness=12 nm. Fitting param-
eters: N,y=41Xx0.036 and N, =0. As discussed in the text n=27
and n=13 for Figs. 4(a) and 4(b), respectively.

Before nucleation, the magnetization vector Ajl is assumed
to undergo a coherent rotation to stay in equilibrium at an
angle ¢, with the nanowire direction. Taking into account
only the Zeeman and shape contributions to the magnetic
energy and considering the geometry and coordinate system
shown in Fig. 5(a), the minimization of the total energy re-
sults in

1
H, sin(¢y — ¢M,o) = EMS(NX’ _Nz’)Sin(Zd)M,O)’ (1)

where ¢y is the in-plane angle of the applied magnetic field
(H,) with respect to the wire axis, M is the saturation mag-
netization, and N,, and N, are the normalized demagnetizing
factor for x" and z' directions, respectively. As shown in Fig.
5(a), two coordinate systems are used: the x'y’z’ system is
fixed with respect to the nanowire axis and the x, y, and z
coordinates rotate with the magnetization with the z axis
pointing along M.

In order to calculate the nucleation field, one has to solve
the linearized Brown’s equations.>!>!3 Just before nucle-
ation, the magnetization is aligned along the equilibrium di-
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b)

FIG. 5. (a) Coordinates systems used in the nucleation field
theory calculation. (b) Illustration of the buckling rotation mode
used to describe the magnetization state at the beginning of the
nucleation.

rection so that M=M sZ. At nucleation the magnetization de-
viates from equilibrium and is described by small
components perpendicular to the z direction; m, and m,. The
free-energy variational problem is solved such that, at a
minimum configuration, the variation of the total energy
should vanish. The small magnetization components are de-

scribed by the following differential equations:>!>!3
CV’m+My(H,~mH,) =0, (2a)
and
CV’m,+ My(H,—m,H_) =0. (2b)

Neglecting surface anisotropy contribution, the boundary
conditions on the surface of the nanowire is

oM

&n=

0, (3)

where 7 is a unit vector normal to the structure surface, C is
the exchange constant, m=M /Mg is the normalized magne-
tization of the system, and (H,,H,,H,) are components of
the total internal magnetic field that includes applied and
magnetostatic fields. It is important to notice that Egs. (2)
were derived for the xyz-coordinate system, which has its z

direction parallel to M before nucleation. For the sake of
simplicity we took into account only the demagnetizing and
Zeeman energies in order to find the nucleation field condi-
tion. Then the components of the total magnetic field can be
written as
d
H.=H{+HS ™
=H, sin(¢y — dy0)
+ (HS™E cos ¢y o— HE™E sin ¢yg),  (4a)

z

H,=H®+ H™
=H, cos(¢y — by o)
+ (Hg?mag sin ¢y 0+ H‘j 8 cos o), (4b)
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Hy = Hy S o

Here we assume that the demagnetizing field inside the nano-
wire is uniform and has the components Hg ymag
=-N. Mg sin ¢y, H‘;?mag=—NZ,MS cos ¢y, and Hﬂ‘fmag=0.
This last term is zero, because we consider that the out-of-

plane magnetization component is negligible. So Egs. (4) can
be rewritten as

H,=H, sin(¢y - ¢M,o) +Mg(N, - Nx')Sin(¢M,0)COS(¢M,o) >
(5a)

Hz = Ha COS(¢H_ ¢M0)
—~M[N, Sin2(¢M,o) +N, COSZ(d’M,o)]’ (5b)

H,=0. (5¢)

It is more convenient to solve Egs. (2) and interpret the
magnetization rotation in the x’y’z’ coordinate system. So
we perform the following coordinate system transformation:

M, =M, oS ¢y o— My Sin Py o, (6a)
m,=m sin ¢y 0+ m, cos ¢y, (6b)
My =m,. (6¢)

As mentioned earlier, our model is based on the assump-
tion that the magnetization of the nanowire is in the x-z
plane, so we only need to solve Eq. (2a) to calculate the
nucleation field. Inserting Egs. (5a), (5b), (6a), and (6b) into
Eq. (2a) and neglecting second-order terms in m, we obtain,

C cos ¢y cos2(¢M30) — 4+ cosz(qﬁ,‘,,’o)—[?zr2 My

ax'? " dy"?

+M{H, sin(¢y — dpr0) + Ms(N..

- Nx')Sin(¢M,0)COS(¢M,o) —[my C05(¢M,o) - Sin(d)M,O)]
X[H, cos(¢p = Paro) = Ms(Nyr sin® by

+N,s cos’ b0l =0. (7a)

The above equation can be simplified by making a linear
transformation given by m,, —m, +\, which for an appro-
priate choice of N, leaves the eigenvalues unaffected. After
the transformation Eq. (7a) can be written as

s

5
2 2
€ cos(dhyo)| cos (o) 5 + 55 + €0 ) 73 [

— Mg cos(¢hy 0)[H, cOS(bpg = g 0) + Ms(N,y sin® gy
+N cos” bur0)Im = M cos(ey o) H, cos(dy

= bur0) + Ms(Ny sin® ¢y 0+ N,r cos® ¢y ) N
+M[H, sin(¢y — dpr0) + Ms(N.

= Ny)sin( ¢y 0)cos(dy )] + Mg sin( by 0)[H,, cos(dy

— o) + Mg(N, sin® 0+ N, cos® by 0)]=0. (7b)
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By appropriate choice of A, the sum of last three terms can
be made null, so that Eq. (7b) becomes

C| cos*(¢br) - + - +cos(¢hyy o) -
COS — 5+ 5 +COS Y ’
M.0 Jx'2 ayfz 'M.,0 (9212 Ty
— Mgmy[H, cos(dy — dy0) = Ms(N,r sin® ¢y
+NZI C082 (vbM,(])] = O . (8)

Finally, it is necessary to choose the type of magnetization
rotation mode among the possible solutions m . (x’,y’,z") of
Eq. (8). Due to the confined lateral nanowire dimension we
do not expect the mode to be either the coherent rotation or
the curling, because both types create large demagnetizing
fields. The rotation mode we consider here is the oscillatory
buckling one, which is illustrated in Fig. 5(b). This mode
is characterized by a x’ component of the magnetization
given by

m, = A sin(kz'), ©)

where A is a constant amplitude and k is the wave number
associated with the buckling. Due to the boundary condition
of Eq. (3) the wave number k assumes discreet values
given by

k=(2n+ 1)21, (10)
C

where n=0,1,2,... and c is half of the nanowire’s length.
Considering that just before switching the magnetization in-
stability is given by Eq. (9), the equation that describes the
nucleation field for a rectangular nanowire can be obtained
by using Eq. (9) in Eq. (8). This leads to

- k*C cos® bro— MgH cos( ¢y - ¢’M,0)
+ Mﬁ(er sin? buyo+ N, cos? dupo) =0, (11)

where H . denotes the nucleation field as the value of the
applied field H, that is a solution of Eq. (I11). This is the
main result of the theory for the nucleation with the buckling
mode. Note that k given by Eq. (10) may have an infinite
number of values, so it should be given appropriate consid-
eration. If we follow the arguments presented by Aharoni’
and choose the value of k that results in a less negative
nucleation field, this should be k=7/2c¢. However, if we cal-
culate the nucleation field using Eq. (11) for the field applied
along the nanowire axis, i.e., ¢y=0= ¢); (=0 and assuming
that demagnetizing field is negligible along the z’ direction,
(according to the coordinate system shown in Fig. 5, N, =0)
we obtain

2

Hnuc(qSH:O):_];W_C' (12)
N
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Therefore, instead of using k=/2c, we use for the wave
number k a value determined from Eq. (12) with the experi-
mental value of H,,.(¢y=0), using the known values for the
exchange constant C and saturation magnetization Mg for the
material. In order to calculate the value of n from Eq. (10)
we first use Eq. (12) to obtain k and substitute it in Eq. (10)
and then we choose the nearest integer that provides the best
fit to the experimental data.

IV. COMPARISON WITH EXPERIMENTAL
MEASUREMENTS

In order to test the theory for nucleation with the buckling
mode, we compare the results of the calculation presented in
Sec. III with the measured angular dependence of the switch-
ing fields in two different nanowires of Py as shown in Fig.
4. Figure 4(a) shows the measured switching field values
(open circles) as a function of the in-plane field angle for a
nanowire that is 6.0 wm long, 290 nm wide, and 12 nm
thick. Figure 4(b) shows the data for another nanowire that is
10 pwm long, 460 nm wide, and 3.5 nm thick. Since the
physical parameters are extracted from the numerical fitting,
the investigation of samples with quite different dimensions
is relevant to provide support to our theoretical model propo-
sition as discussed below.

In order to calculate the nucleation field H,,. for an arbi-
trary angle of the applied field, one has to obtain the equi-
librium angle ¢, from Eq. (1) and use it in Eq. (11). Of
course, since the solution of Eq. (1) depends on the applied
field, Egs. (1) and (11) have to be solved simultaneously. The
solid lines in Figs. 4(a) and 4(b) were obtained by numerical
solution of Egs. (1) and (11) considering 47M¢=9000 G
and C=107° erg/cm. The other parameters used in the cal-
culation are given in the caption of Fig. 4. As expected the
demagnetizing factor for the y’ direction (N, =47—N,/) is
very close to 47 in both cases, because the thickness of the
nanowire tape is smaller than its width by more than one
order of magnitude. In addition note that as the width of
nanowire increases, the demagnetizing factor N,, decreases
as expected from the behavior of the demagnetizing field.
Another important result to note is that as the length of nano-
wire decreases by half, the wave number also decreases ap-
proximately by half. This is a strong indication of the rela-
tion between the length of nanowire and the wave number of
the buckling rotation mode.

V. SUMMARY

We have presented the results of an investigation of mag-
netization reversal in ferromagnetic nanowires fabricated by
means of mechanical lithography using atomic force micros-
copy. The samples have structures consisting of two rectan-
gular pads measuring 70X80 um? connected by a
5-10-um-long nanowire having widths in the range 300-
400 nm and fabricated on Py films with thickness in the
range 3—10 nm. The magnetization reversal in the nanowires
is identified by a switching field characterized by an abrupt
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change in the magnetoresistance measured with field sweep-
ing. The angular dependencies of the switching fields in two
samples are quantitatively explained by a model of nucle-
ation dominated by an oscillatory buckling mode for the
magnetization.
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