
Contents lists available at ScienceDirect

Journal of Magnetism and Magnetic Materials

journal homepage: www.elsevier.com/locate/jmmm

Giant magnetoreactance in magnetic nanowires

Andrzej Janutka⁎, Kacper Brzuszek
Department of Theoretical Physics, Wroclaw University of Science and Technology, 50-370 Wrocław, Poland

A R T I C L E I N F O

Keywords:
Ferromagnetic nanowire
Micromagnetic simulations
Dynamics of domain structures
Giant magnetoreactance

A B S T R A C T

We outline the idea of magnetic-field sensing with a nanometer spatial resolution using the effect of giant
magnetoreactance (GMX) and we discuss results of our micromagnetic studies of domain-wall-assisted (or
double-vortex-assisted) GMX in nanomagnets. By analogy to low-frequency giant magnetoimpedance (GMI), we
consider systems of domains magnetized perpendicular to the direction of the AC current that creates an al-
ternating Oersted field, thus, it drives the DW oscillations. Because of small cross-sections, the nanomagnets are
not capable to induce large changes of the magnetic flux, therefore, the impedance of magnet-containing na-
nocircuits is dominated by the static resistivity (in accessible frequency regimes), while, GMX is an alternative
effect to be utilized for sensing. We analyze in detail the effect in single-crystalline nanowire of cobalt with the
easy axis transverse to the nanowire axis. In that system, small coherent shifts of the domain walls (DWs) induce
relatively high changes of the magnetic flux through the largest cross-section of the nanowire due to large
density of periodically packed DWs. Driven by the alternating transverse field of the Oersted origin, the system
allows for perpendicular (the field directed perpendicular to the long axis of the nanowire and to the domain
magnetization) GMX of improved characteristics (the GMX ratio and the field sensitivity of GMX) at a high
stability of the magnetic structure in a wide region of the external field. Moreover, due to a non-zero overall
magnetization (created by DWs), the perpendicular GMX is strongly asymmetric with respect to the field reversal
(in a low-field regime). Also, we study the transverse GMX (the field parallel to the domain magnetization).

1. Introduction

The giant-magnetoimpedance (GMI) effect in microwires and mul-
tilayered microstructers is studied for above two decades with re-
levance to sensing magnetic fields with a very high field-sensitivity
[1–4]. The spatial resolution of the GMI sensors is limited by the sizes of
the ferromagnets used, which raises the question about the capabilities
of the ultimate miniaturization of magnet-containing inductive circuits.
The dominant mechanisms of GMI, skin effect in microwires and co-
herent magnetization rotation in magnetic multilayers, become irrele-
vant at the nanoscale. In the accessible (GHz) range of the AC fre-
quency, the skin effect is absent since the skin depth overcomes the
diameters of the magnet cross-sections [5], while, the coherent rotation
of the domain magnetization beyond the ferromagnetic resonance
(FMR) is suppressed by the magnetostatics (a large surface-to-volume
ratio) [6]. Moreover, small cross-sections of the magnetic nanosystems
are not capable to carry a large magnetic flux. Therefore, except for
layered systems at the FMR frequencies [5,7], the inductive contribu-
tion to the impedance is weak compared to the static resistance [8]. For
that case, an alternative to sensing with the magnetoimpedance (MI) is
utilizing the magnetoreactance (MX) which can be a giant effect even in

the absence of GMI [9–12].
With regard to miniaturizing sensors, previously, the authors have

discussed MX in three different ferromagnetic nanosystems: a nanotube,
a nanostripe, and a layered nanomagnet of the H-letter shape [13–15].
Note that in [13,14], the name GMI has been confusingly used instead
of GMX, (the reactance is the imaginary part of the impedance, how-
ever, the correct usage of the term MI relates to the field dependence of
the impedance modulus). In the later system (the H-shaped nano-
magnet, Fig. 1a), impedant effects follow from the oscillatory motion of
a double-vortex (the oscillations of the distance between vortices),
which is driven by the alternating Oersted field. In the former two: the
nanotube and the nanostripe, the giant magnetoreactance (GMX) fol-
lows from the oscillatory motion of domain walls which are aligned
transversely to the long axis of the magnet. The motion along the na-
nowire induces the electromotive force in an inductive loop of Fig. 1b,c.
The mechanism first studied by Valenzuela with relevance to low-fre-
qency regime of MI (below the frequency of the skin-effect appearance
[16,17]) is valid to magnetic nanosystems in the GHz range of the
driving-current frequency. Note that the DW motion in micrometer-
sized systems affects GMI also in the intermediate-frequency regime via
modifying the skin depth of the microwires or amplitude of the
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coherent magnetization rotation in multilayers [18–20], while, that
composite mechanism of GMI is not of our interest here.

The common property of all the mentioned systems we studied
previously is a small thickness of the magnetic layer (about 10 nm),
which limits the magnetic flux through its cross-section, thus, the re-
actance value, (albeit, the relative field-induced changes of the re-
actance are giant) [13–15]. In the present paper, with micromagnetic
simulations, we predict perpendicular GMX in a circular single-crys-
talline nanowire of cobalt with easy-axis transverse to the long axis, for
the diameter of 50 nm, (Fig. 1d), whose area of the largest (long-
itudinal) cross-section (in the plane of the inductive loop) is bigger than
for the magnets of our previous interest. Because of denser packing of
the magnetic domains than in the systems in Fig. 1,b,c, [13,14], the
amplitude of the oscillatory motion of DWs (driven by an alternating
field) can be reduced without reducing the amplitude of changes of the
magnetic flux through the plane.

The single-crystalline Co nanowires of the easy axis transverse to the
wire axis are manufactured via electro-deposition into an anodic tem-
plate [21–24]. A regular many-domain structure can be established via
relaxation from an ordered state magnetized perpendicular to the easy
axis and to the wire axis. In the relaxed many-domain state, DWs are
magnetized in the initial direction. The resulting nonzero net magne-
tization is the reason of the asymmetry of the GMX effect with respect
to the reversal of the perpendicular magnetic field, which is desired
when sensing the field orientation (up or down of z-axis of Fig. 1d).
Unlike in [13,14], where the so called longitudinal GMX has been
studied, with regard to the nanowire, we focus on the ”perpendicular
MX” and ”transverse MX”, named due to the orientation of the external
static field perpendicular or parallel to the easy-axis while in the plane
normal to the long axis of the nanowire [25,26]. We do not study the
longitudinal MX in detail because the magnetic structure is much more

stiff under the action of the longitudinal field than the transverse or
perpendicular ones.

In Section 2, we present a model of the single-crystalline nanowire
and outline the method of evaluating MX of the system. The results of
the numerical studies of the dynamical magnetic response and MX are
provided in Section 3. Final conclusions are formulated in Section 4.

2. Model

2.1. Equation of motion

The single-crystalline nanowires of hcp cobalt are fabricated with
the diameters of dozens of nanometers with c-axis (the easy magneti-
zation axis) perpendicular to the wire. The magnetization of the na-
nowire evolves according to the Landau-Lifshitz-Gilbert (LLG) equation
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The easy direction corresponds to the versor ̂ ≡j [0, 1, 0] while the
wire is directed along the x-axis. The saturation magnetization

=M AM| |,s ex denotes the exchange stiffness, γ – the gyromagnetic
ratio, K1 – the constant of the uniaxial (crystalline) anisotropy, α – the
Gilbert damping constant. Magnetostatic and external fields are de-
noted by Bms and B, respectively. An alternating Oersted-field

= ′μ HB [0, , 0]Oe y0 is applied in the direction of the domain magneti-
zation, (Fig. 1d), in order to drive the oscillations of the DW positions.

Here, we restrict our considerations to the magnetic structure

Fig. 1. Schemes of the circuits considered for GMX based on: a double vortex in H-letter-shaped nanomagnet (a), a magnetic nanotube (b), a magnetic nanostripe (c),
a magnetic nanowire (d).
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relaxed from a state uniformly-magnetized in the z-axis direction (the
hard magnetic direction perpendicular to the nanowire axis), which
results in a periodic many-domain state with Bloch DWs all magnetized
parallel (with opposite chiralities to their neighbors). The observed
stability of such a state of similarly magnetized DWs is quite unexpected
since, according to 1D model, the equaly magnetized DWs attract each
other [27]. However, in the periodic structure of densely-packed DWs,
attractive binary interactions are compensated. Similar to the nanos-
tripe edges in [14], a stabilizing role is played by the surface of the
nanowire. Some deformations of DW at the surface vicinity result in an
increased mutual overlap of them, (seen in the z-slice view of the
magnetization in contrast to the y-slice view: the top line vs. the middle
line of Fig. 2). The strong interactions allow for the driven oscillations
of the magnetization to be stable, unlike e.g. the driven oscillations in
thin-wall magnetic nanotubes of [13].

Let us note that the domain structure relaxed from the disordered
state is known to contain circumferentially-magnetized (vortex-type)
domains, however, our simulations have shown it not to be as regular as
that considered here, (see also [22,28]). In the circuit with the present
magnetic subsystem of the uniaxially-magnetized domains (Fig. 1d), the
driving AC current does not flow trough the magnet, which is ad-
vantageous with regard to its heating. Also, the uniaxial domain or-
dering allows for creating the magnetic flux trough a relatively large
cross-section of the ferromagnet.

In the present paper, the direction of the domain magnetization (y-
axis) is called the transverse direction in contrast to z-axis direction
called the perpendicular one. This nomenclature is connected to the
names: transverse, perpendicular and longitudinal MI (MX) introduced
in [25,26] and corresponding to the direction of the static field applied

= μ HB [0, 0, ]z0 or = μ HB [0, , 0]y0 , respectively. The longitudinal MX
in our nanowire is found to be a minor effect because the (anisotropy
and magnetostatic) energy cost of the field-induced magnetization de-
viations in the xy-plane is high. The most significant is the perpendi-
cular MX which is of our main interest, however, we study the trans-
verse MX as well since positioning the easy axis of the nanowire in
sensors can be fraught with an error.

For detailed analytical model of the dynamical response of the
many-domain system to the alternating (Oersted) field, we refer to [14].
There, it has been developed with relevance to the nanostripes, based
on previous considerations of the DW-induced MI in conducting mag-
netic ribbons in [18,19] and on the Walker model of the field-driven
DW dynamics [29,30]. However, for the present system with extremely
strong DW interactions, the analytical model does not allow for quan-
titative evaluations. We determine MX characteristics based on the

simulations only. In particular, we evaluate for the ratio of the field-
induced shift of the reactance to the reactance at a reference field (the
so called MX ratio). Applying the AC Ohm’s law, we rewrite MX ratio as
a proportion of the field-induced shift of the electromotive-force (EMF)
amplitude to the EMF amplitude at a reference field Href

″ ″ =
∊ − ∊

∊
Z Z H

H H
H

Δ / ( )
Amp[ ]( ) Amp[ ]( )

Amp[ ]( )
,ref
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where =H Hz or =H Hy depending on whether perpendicular or
transverse MX is considered [31]. Here and below, Amp[·] denotes the
amplitude of any oscillating quantity. The inductive loops in the circuit
of Fig. 1d is considered to be infinitely thin, thus, the EMF amplitude
takes the maximum value. This makes the estimations independent of
particular realization of the circuit and this allows for comparison of the
results with our previous works on MX in different nanomagnets (of
Fig. 1a-c). Denote y-component of the magnetization averaged over the
largest cross-section of the nanowire in the plane of the inductive loop
by μy. Thus, ∫ ∫≡ −

− =μ RLM M x z(2 ) | d dy s R
R L

y y
1

0 0 ), where R denotes the
nanowire radius while L its length. Provided the dynamical response of
the system is linear, (thus, ∝ ′μ t H t( ) ( )y y ), the magnet contribution to
EMF is

∊ = − ′ + ≈ −μ RL H M μ μ RLM μ2 ( ̇ ̇ ) 2 ̇y s y s y0 0 (3)

and the MX ratio can by expressed by the amplitude of the average
magnetization
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Avoiding precise definition of shape of the conducting ingredient that
generates the Oersted field, we just specify the Oersted-field amplitude
while noticing its value (up to 25kA/m) to be achievable with a rea-
sonable value of amplitude of the current density (see [13,14]).

3. Simulation results

Micromagnetic simulations of the dynamical response to the alter-
nating transverse field have been performed for 2 μm-long and of
50 nm-diameter crystalline nanowire of cobalt with the following ma-
terial parameters: = −A 3.3·10ex

11J/m, =M 1.4·10s
3 kA/m,

=K 4.5·101
5J/m3, =γμ 2.21·100

5 m/As, ( = −μ 1.26·100
6N/A2) [32,33].

The OOMMF package (the finite-difference method, [34]) has been
applied and the grid discretization size was 2.5 nm in the y- and z-
directions while 5 nm in the x-direction. We arbitrarily choose the
amplitude of the alternating Oersted field from the range 0÷25kA/m

Fig. 2. The magnetization distribution in 2 μm-long, ( ∈x [0, 2 μm]), and of 50-nm diameter single-crystalline Co nanowire, relaxed from the state of uniform
magnetization in the z-axis direction. Here, y-axis is the easy direction. In bottom line: the magnetization in the DW areas ( =x 1.055 μm, 1.12 μm, 1.185 μm). The
colors indicate the magnetization projection onto y-axis.
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and its frequency from the range 0.3 ÷ 6.0 GHz. The static perpendi-
cular field Hz ranges between −1000kA/m and 1000kA/m, however,
the transverse field Hy is limited by the values of ± 180 kA/m which
correspond to the remagnetization of the system via shrinking the do-
mains magnetized opposite to the field.

We have plotted the amplitude μAmp( )y of the normalized trans-
verse magnetization averaged over the long cross-section of the nano-
wire with dependence on the static perpendicular or transverse field
applied, for different frequencies and amplitudes of the driving
(Oersted) field (Fig. 3). In the regime of linear oscillations of the
magnetization, following (4), the plots of the MX ratio are of the similar
shape to the plots of μAmp( )y . It is convenient that the reference field
Href in (4) was the same for the perpendicular and transverse MX, thus,
let us take =H 0ref , (whenever μAmp[ ](0)y is determined). The plot
lines in Fig. 3 are cut in the areas of the field where μAmp( )y oscillates
chaotically in time.

The magnetic dynamical response of the nanowire is attributed to
the oscillatory motion of DWs driven by the alternating field. However,
the amplitudes of oscillations of the DW positions are extremely small
compared to previously studied DW systems under the Oersted field of
comparable frequencies [13,14]. It is compensated by a large number of
DWs. The field dependence of the response amplitude (thus, MX) is due
to the field-induced deviation of the domain magnetization and/or the
field-induced change of the DW width. While the transverse MX is al-
most symmetric with respect to the inversion of the field ( → −H Hy y,

Fig. 3c,d,h), perpendicular MX is clearly asymmetric (with respect to
the change → −H Hz z, Fig. 3a,b,g). The asymmetry is related to the fact
that all DWs are magnetized into + z-direction, hence, the Hz-field in-
fluences the widths of all DWs in the same manner.

A specific feature of the plots of μ HAmp[ ]( )y z is a dependence of the
position of a sharp local maximum (in the low-field area) on the AC
frequency. From Fig. 3a, comparing the dashed red line of 1 GHz curve
to the continuous beige line of 3 GHz curve, one sees a local maximum
to correspond to a negative field in the former curve while to a positive
field in the later one. Thus, the curve slope changes between the ne-
gative and positive ones at zero field. However, in snapshots taken
during the time evolution of the system, we have not seen differences in
the magnetic structure under the 1 GHz and 3 GHz driving (in the
domain nor DW areas). Two competing effects: the field-induced
change of the DW width and the frequency dependence of the ampli-
tude of the driven DW motion allow for the explanation of that plot
peculiarity. The DW width increases with the positive Hz field, which
leads to the increase of the DW velocity and, hence, the amplitude of
oscillations of the DW center. On the other hand, this amplitude in-
creases with the oscillation period. Since the motion amplitude is lim-
ited by strong interactions between DWs, in the case of a sufficiently-
large period, the decrease of the DW width under the negative Hz field
is advantageous leading to a reduction of the overlap of the interacting
DWs. Our view is supported by the plot of the response amplitude with
dependence on the perpendicular field and the driving-field amplitude

Fig. 3. The amplitude of the normalized transverse magnetization averaged over the long cross-section ( =y 0 plane) of the nanowire with dependence on the
perpendicular field Hz and AC frequency; (a), (b), and on the transverse field Hy and AC frequency; (c), (d). For (a)-(d), the amplitude of the driving (Oersted) field is

′ =HAmp( ) 6y kA/m. The snapshots of the magnetization distribution in a fragment of the =y 0 cross-section of the nanowire correspond to the major maxima of the
response amplitude μAmp( )y at 3 GHz and =H 250z kA/m (e) and = −H 250z kA/m (f), (in (e) and (f), the colors indicate magnetization projection onto y-axis, the
arrow colors indicate the magnetization projection onto z-axis). The corresponding to (a)-(d) plots of μAmp( )y at 3 GHz, for the amplitudes of the driving field

′ =HAmp( ) 12y kA/m are compared to those of ′ =HAmp( ) 6y kA/m in (g), (h). In (i), the static-perpendicular-field and driving-field-amplitude dependence of the
amplitude of the magnetic response is plotted for the AC frequency of 1 GHz.
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for the frequency of 1 GHz (Fig. 3i). In the plot, one sees a shift of the
maximum of μ HAmp[ ]( )y z with increase of the amplitude of the driving
field towards higher values of Hz, which is related to the increase of the
DW-motion amplitude.

The major maxima of the dynamical response of the system are
located symmetrically on both sides of the vertical axis in μ HAmp[ ]( )y z
plots (Fig. 3a,b,g), in the areas ÷H| |~200 500z kA/m. Unlike the cor-
responding plots in Refs. [13,14] (devoted to the systems in Fig. 1b,c),
these maxima are not directly related to the thin-film FMR. The domain
structure remains stable during the evolution for the whole range of the
field Hz of the plots. The specific behavior of the system in the vicinity
of the maxima of Hz are high-amplitude rotational oscillations of or-
ientation of the DW normal in the xz-plane (Fig. 3e,f). They are ac-
companied by oscillations of the DW widths, (the so called DW bulging
[35,36]), strongly influencing the dynamical magnetic response. Also, it
is seen with arrows in Fig. 3e,f that the DW magnetization is parallel or
antiparallel to z-axis depending on the sign of Hz. It is so in the high-
field area of the dynamical response >H| | 150z kA/m, and the DW re-
magnetization explains the symmetry of the plots in Fig. 3,a,b,g, in the
high-field regime.

4. Conclusions

We have studied the dynamical response of the single-crystalline Co
nanowire with relevance to MX. Perpendicular MX is found to be
asymmetric in the field range ∈ −H ( 100, 100)z kA/m. Calculating the
MX ratio with (4), for =H 0ref , we have established perpendicular MX
to achieve ″ ″Z ZΔ / (250 kA/m) = 1400% at the AC frequency of 3 GHz
and the driving-field amplitude ′ =HAmp( ) 6y kA/m (the solid line in
Fig. 3a and g), in the low-field range of the monotonic ″ ″Z Z HΔ / ( )z
dependence; ″ ″Z ZΔ / (100 kA/m) = 400%. These large values are
achievable due to the stability of the magnetic structure in a wide range
of the field which is related to the magnetic hardness of the cobalt
nanowire. The domain structure is conserved in the range of the per-
pendicular field ∈ −H [ 1000z kA/m, 1000 kA/m] (however, for

< −H 150z kA/m, DW magnetization is reversed). Also, the structure is
stable in a relatively wide range of the transverse field <H| | 180y kA/m,
(up to the domain-remagnetization field). This is an advantage com-
pared to the systems of [13,14], (Fig. 1b,c), whose high-field long-
itudinal MX is related to the thin-film FMR. Since FMR breaks the do-
main structure and may cause the relaxation to different magnetization
states, its absence is propitious for the sensor durability.

At the frequency of 3 GHz, the sensitivity of perpendicular MX;
″d Z Z dH(Δ / )/ z (relevant to the solid line in Fig. 3a,g) takes 2.4%· m/kA

at =H 0z , while, at =H 90z kA/m, it takes 9%· m/kA. These values of
the field sensitivity are comparable to ones predicted for nanotubes and
nanostripes of [13,14], while, considerably smaller than obtainable
with the soft-ferromagnetic system of [15] which is operated in a nar-
rower range of the field. However, good MX characteristics of the later
system have been found under conditions of a resonance in the double-
vortex system, which is not desirable with regard to the sensor relia-
bility. It should be noticed that the highlighted GMX characteristics of
the Co nanowire are achievable with very small amplitude of the DW
movement. Unlike in the systems of DWs densely packed in the na-
nostripes of [14], for the frequency range of our study, we avoid re-
sonant increase of the DW-oscillation amplitude. The small amplitude
limits the dynamical magnetic response which is compensated, how-
ever, by a very high density of the DWs and a relatively large area of the
nanowire cross-section (in the plane of the inductive loop) that gen-
erates the time-dependent magnetic flux.
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