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Magnetization states of amorphous soft ferromagnetic microwires are studied by experiment and theoreti-
cally. It is shown that in low applied axial fields, on increasing the circular magnetic field produced by current,
the initial homogeneous circular magnetization distribution evolves in three sequential steps: �i� the appearance
of a helical magnetization state, �ii� a jump to the helical state with opposite chirality, and �iii� a gradual
rotation of magnetization toward the new circular state. An applied, large-enough axial field stabilizes the axial
magnetization states, making these transitions continuous and shifting the magnetic hysteresis loops. The origin
of these successive magnetization reorientations and switching is explained in the frameworks of the proposed
model.
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The physical properties of the ferromagnetic wires are
being intensively studied in the latest decade. This is moti-
vated by a need in deeper understanding of magnetism of
low-dimensional systems1 as well as by numerous possibili-
ties of advanced technological applications.2 With controlled
anisotropy, the magnetization states can be tuned, and a
stable micromagnetic configuration can be promoted in mi-
cron or submicron wires, which are needed for advanced
sensors and biomedical applications.3,4 The importance of
magnetic anisotropy is well recognized in tailoring micro-
magnetic configurations. Because of the interplay the shape
�axial�, radial and circumferential anisotropies, and amor-
phous ferromagnetic wires exhibit a rich variety of domain-
line magnetic phases.2,5–8 These competing anisotropies
originate in the distribution of internal stress which, depend-
ing on the thermal and/or mechanical prehistory of a wire,
has axial, radial, and circumferential components.9 Thus, in a
wire the actual distribution of stress-induced magnetic aniso-
tropy is determined by the stress distribution as well as the
sign and magnitude of magnetostriction. For example, for
wires with negative magnetostriction axial anisotropy domi-
nates in the inner core while circumferential anisotropy gov-
erns the magnetization in the outer shell.9 In such wires mag-
netization states represent either axially magnetized domains
or circular and helical-like magnetization distributions.10–12

The conception of a rigid inner core with a radius on the
order of the domain-wall width, in which the magnetization
is aligned parallel to the wire axis, has been successfully
used to describe magnetization processes in relatively thick
amorphous wires, 130 �m in diameter.13 On the contrary,
thin ��20 �m� nearly zero-magnetostrictive amorphous
glass-coated microwires were recently well described with a
model in which no core existence was assumed.10 On the
other hand, any vortexlike magnetization state requires the
existence of a nanometer-sized core �on the order of the ex-
change length� because of topological laws.14 Thus, when the
wire diameter is pushed down to a submicron, e.g., see Ref.
5, both the magnetization states and the reversal are expected

to be affected by the actual inner core radius. As mentioned
above, in a nearly zero-magnetostrictive amorphous glass-
coated microwire the core radius is strongly dependent on
the internal stress distribution.

In this Brief Report we present the result of current-
induced transitions between different magnetic phases in fer-
romagnetic microwires. We suggest a phenomenological
model, based on the assumption of a soft magnetic core,
which allows us to describe the magnetization states and
magnetization reversal of thin amorphous wires with nega-
tive, nearly zero magnetostriction. The model gives the four
magnetization states of different chirality that are proven by
the experiment. Moreover, our experiments and model dem-
onstrate the existence of circularly and helically magnetized
domains which are affected by the core radius. Note, with no
radial magnetization component, the existence of circularly
magnetized domains could not be explained by the contribu-
tion of magnetostatics. Investigation of the magnetization re-
versal process in microwires is one of the most important
tasks related to the usage of such magnetic wires in different
technological devices. In particular, intensive study of the
magnetic properties of nearly zero magnetostriction Co-rich
glass-covered microwires has been performed in relation
with the giant magnetoimpedance effect. Moreover, ferro-
magnetic microwires can be used as model systems for the
study of one-dimensional magnetic nanostructures. Conse-
quently, the magneto-optical investigation of the magnetiza-
tion reversal in the surface areas of microwires has become
particularly important.

A glass-coated amorphous microwire with negative,
nearly zero magnetostriction, of the nominal composition
Co67Fe3.85Ni1.45B11.5Si14.5Mo1.7 �metallic nucleus radius R
=11.2 �m, glass coating thickness �=3 �m, and a ratio of
metallic nucleus diameter to total microwire diameter �
=0.79, see Fig. 1�a�� has been investigated by magneto-
optical Kerr effect �MOKE� technique. The process of mag-
netization reversal in the surface area of the microwires has
been studied by a MOKE loop tracer in transversal configu-
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ration �T-MOKE� and by MOKE optical microscope in lon-
gitudinal configuration �L-MOKE� with the presence of a
circular Hcir and axial magnetic field, Hax �Fig. 1�b��. To
produce the circular magnetic field Hcir, an electric current I,
flowing through the wire, was used. T-MOKE intensity of the
reflected light is proportional to the magnetization Mx, which
was perpendicular to the yz plane �Fig. 1�b�� of the light
propagation.15 As a result of the MOKE magnetometry ex-
periments, a series of Kerr intensity dependencies on the
electric current I �the circular magnetic field� in the presence
of dc bias Hax has been obtained �see top panel in Fig. 2�.
Strong transformation of the hysteresis curves induced by
Hax has been found. The jump of the circular transversal
magnetization becomes smoother and smaller with an axial
magnetic field. Also the value of the normalized remanence
magnetization Mr and the switching field Hsw �see Fig. 2�,
decrease with the increase in Hax. The dc axial field produces
a pronounced shift of the hysteresis loop along the horizontal
axis. The direction of the shift depends on the sign of the
axial field. When the axial magnetic field reached a certain
value, the hysteresis was not observed and magnetization
reversal took place as a coherent rotation of magnetization.
The obtained results are sketched as the dependencies of the
normalized Mr and Hsw

� �normalized to maximum value� on
the dc axial field, and are presented in Figs. 2 and 4. These
dependencies have a maximum value at about Hax
=0.27 Oe.

The details and character of the circular magnetization
reversal have been revealed using an L-MOKE microscope
in Ref. 8. An experiment with increasing amplitude of the
electric current �circular magnetic field� has been performed.
The successive increase in the circular magnetic field induces
the nucleation of the circular magnetic domains �the black
area� in the surface of the microwire �inset, Fig. 4�, followed
by the propagation of domain walls along the microwire �a
schematic of the circular domain nucleation is presented in
Fig. 1�c��. When Hax=0, the nucleation of two circular do-
mains could be observed in the field of observation of the
microscope at the first stage of magnetization reversal. Then,
the relatively slow motion of the domain walls is finished by
the collapse of the disadvantageous circular domain. In the
presence of an axial magnetic field, the magnetization rever-
sal is drastically changed. When the axial field reached the
value of 0.27 Oe, the jump of circular magnetization was
characterized by the nucleation of one domain and the long-
distance quick motion of the solitary domain walls.

The obtained results can be interpreted in the framework
of a phenomenological model which assumes the external
circular and axial field-induced transformation of the surface
magnetic structure. We consider that originally, under the
zero axial magnetic field, the studied microwire has a helical
magnetic structure in the surface area. Application of the
axial magnetic field causes transformation of the surface
magnetic structure and in particular, the change of the angle
of the helicality �the direction of the circular magnetization
in the surface area of the microwire�. When the axial field is
about 0.27 Oe the surface magnetization is directed strictly
circularly. For this value of axial field, the surface magneti-
zation reversal occurs as the jump between the two circular
states and the jump of the circular magnetization has maxi-
mum value. The angle of the helicality could be controlled
by the axial magnetic field Hax. When the axial field is high
enough, the magnetization with an axial direction is stable,
which causes the disappearance of the circular hysteresis
loop.

We assume that the magnetic structure of the studied mi-
crowire consists of a soft inner core with axial anisotropy
and an outer shell in which the helical magnetic anisotropy
dominates �Fig. 1�b��. In other words, a wire consists of two

FIG. 1. �Color online� �a� Image and �b� schematic configura-
tions of the wire with magnetization orientation, and �c� schematic
of the circular domain nucleation and orientations of magnetic
fields.

FIG. 2. �Color online� Top panel: the measured hysteresis loops
and the loops—Mx /Ms vs Hcir

� —calculated from Eq. �1� for Hax

=0, 1.2, and 1.5 Oe. Dependence of normalized remanent circular
magnetization component Mr on the external axial magnetic field
Hax �points�. Lines are Mr calculated within the proposed model,
assuming the anisotropy constants: ht=2.9�10−4, ha=4.8�10−4,
and �=20° and the radius inner core R0=1, 3, and 5 �m.
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different areas—the core and shell—with different magnetic
anisotropies: axial and helical, accordingly. The core radius
is changeable, and depends on magnetic anisotropy distribu-
tion inside the wire. To determine the radius of the inner core
we have performed fluxmetric experiments16 when the axial
hysteresis loop is measured as a dependence of the axial
magnetic field. Following,17 the value of the inner-core ra-
dius R0 was determined to be about 3 �m. Let us describe
the magnetization states of a wire assuming that the magne-
tization vector has two components: circular and axial. The
angle between the magnetization and the circular field �pro-
duced by the current� we denote as, see Fig. 1�b�. As men-
tioned above, the inner core is assumed to have only axial
magnetic anisotropy, and hereinafter we denote its radius as
R0. The total energy of such a domain configuration is the
sum of the anisotropy, Zeeman, and exchange energies

E��� = 2�2Ms
2D��R2 − R0

2�ht sin2�� + �� + R0
2ha cos2�� + ��

− 2R2�hcir cos � + hax sin �� + 2lex
2 cos2 � ln�R/lex�� ,

�1�

where lex= �A /2�Ms
2�1/2 is the exchange length, A is the ex-

change constant, and D is the domain length along the wire;
is the angle between the helical anisotropy easy axis with the
transversal direction �Fig. 1�b��, ha=HAa /4�Ms and ht
=HAt /4�Ms are normalized axial and tangential �circular�
anisotropy fields �where HAa=2Ka /Ms and HAt=2Kt /Ms are
the anisotropy fields�, hcir=Hcir /4�Ms is the scaled circular
component of the applied field �due to current� and hax
=Hax /4�Ms. In Eq. �1�, the last term represents the azi-
muthal exchange energy in the form derived in Ref. 18.
Note, in Eq. �1� the magnetostatic energy contribution is zero
because of the closed magnetic flux structure and we neglect
the magnetic poles on the wire edges �a long wire�. We now
minimize Eq. �1� with respect to angle and calculate the
magnetization hysteresis loops—Mx /Ms as a function of
Hcir

� =Hcir /HAt shown in Fig. 2 �top panel�. Good agreement
between the experimental and calculated magnetic hysteresis
loops is seen from Fig. 2. In Fig. 2 for small applied axial
fields Hax=0 and 1.2 Oe, the shown curves demonstrate the
jumplike transitions between helical states of different chiral-
ity. On the circular field scale the jump points—the switching
fields Hsw—are defined by two conditions: �E /��=0 and
�2E /��2=0. The solution of these two equations gives us the
switching circular field and critical angle of the magnetiza-
tion �cr. In Fig. 3 we plot the critical angle as a function of
the applied axial field for �=0° and 20°.

For each there are the four critical states corresponding to
different chirality �left handed and right handed� and axial
orientation �forward and backward� of the wire magnetiza-
tion, see Fig. 3. The actual appearance of one of these four
states depends on the magnetic prehistory of a wire. Upon
changing Hax the critical angle changes between 0 to �, and
for �=0 when Hax=0 the shown states with �cr=0 or �cr
=� correspond to the pure symmetrical circular magnetiza-
tion states. For ��0 the magnetization states are asymmetri-
cal and describe four helical magnetization states of different
chirality �Fig. 3�. Thus, in a low applied axial magnetic field,

a jumplike transition between helical states of different
chirality takes place when the circular field �current� reaches
the switching field value.

Equation �1� allows us to calculate, using the values of the
magnetic anisotropy constants from,19 both the circular mag-
netization in the remanence state Mr and the normalized
switching field Hsw

� as functions of the axial magnetic field
for different radius inner core R0. These results are shown in
Figs. 2 and 4, correspondingly. In Fig. 2 the calculated Mr
are compared with the experimental data obtained for the
wire with inner core radius R0=3 �m and R=11.2 �m;
there is good agreement between the experimental and cal-
culated data. The Mr�Hax� curves calculated for R0=1 �m
and R0=5 �m predict the increase and decrease of the rem-
anent magnetization, accordingly. In Fig. 4 we demonstrate
the calculated and experimental curves: Hsw

� vs Hax for the
wire with three different core radiuses: R0=1, 3, and 5 �m.
Here the coincidence between the experimental and calcu-
lated curves is only satisfactory in the vicinities of the start-

FIG. 3. �Color online� The critical angle �cr as functions of the
axial applied magnetic field Hax for �=0° �dashed line� and �
=20° �solid line�. Four magnetization states �1–4� corresponding to
branches of �cr�Hax�, where the red and blue colors indicate the two
directions of the axial magnetization �forward and backward�.

FIG. 4. �Color online� Switching field Hsw
� as a function of the

applied axial magnetic field Hax. The points are the measured while
the lines represent the Hsw

� calculated from Eq. �1� for radius inner
core R0=1, 3, and 5 �m. The inset shows the magnetic domain
structures without Hax for different current: �a� 0; �b� 0.1 mA; �c�
0.4 mA; and �d� 0.8 mA. The wire was initially saturated �gray area�
by the circular magnetic field Hcir�0. The black areas are the mag-
netic domains induced by Hcir	0 pulses.
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ing and ending points of the field range change, 0	Hax
	Hax0.

This discrepancy is explained by a domain structure
which exists, namely, in this field range. Indeed, the magne-
tization states are barely circular or axial just at Hax=0 and
Hax0 so that they are monodomain states. In the moderate
axial field, helical magnetic domains with different chirality
appear, see the inset to Fig. 4. In order to switch the existing
domain structure, an enhanced circular applied field is re-
quired because of an energy barrier related to the domain
walls. Indeed, in a wire, magnetic domains of opposite
chirality are separated by 180° domain walls. On increasing
the current �circular field� the domains magnetized antiparal-
lel to Hcir are squeezed and finally collapse. However, before
the collapse the approaching domain walls could constitute
360° walls; namely, they lift the measured switching fields.
This effect is similar to that known from physics of bubble
materials: in low coercivity garnet films the existence of such
domain walls leads to a significant increase of the saturation
field—the field of the transition to the monodomain state.20 A
similar effect of the enhanced field stability of 360° domain
walls has been theoretically proved for thin ferromagnetic
films in Ref. 21. Note, in a wire with no radial anisotropy
there is no magnetostatic reason for the domain appearance.
In such wires the formation of irregular circularly magne-
tized domains is explained by heterogeneous nucleation pro-
cesses that take place on applying a superposition of axial

and circular fields.8 These domains do not correspond to the
energy minimum with respect to their period and therefore,
such domains should be treated as metastable; this is a sig-
nature of magnetism of low-dimensional systems. Other ex-
amples of metastable domains can be found in Ref. 22.

To conclude, the magnetization states and magnetization
switching in amorphous microwires were studied. In the
studied wires the existence of four magnetization states with
different chirality and axial direction is proven by experi-
ment and theory. We propose a phenomenological model that
describes magnetization states and their current-induced
switching in wires with variable inner core radius. In low
applied axial fields, on increasing the current �circular field�,
the initial left-handed chirality circular magnetization states
undergoes the following phase sequence: a continuous trans-
formation to a helical structure, then a jump to a helical state
with opposite chirality, and finally, gradual rotation of the
magnetization to a right-handed chirality circular state. An
applied axial magnetic field smooths the jump between the
states with opposite chiralities and makes the magnetization
states asymmetrical. We have highlighted the role of the in-
ner core in the formation of the magnetization states and
magnetization reversal in such wires.

This work was supported by MICINN under Project No.
MAT2007-66798.CO3.01 and Polish National Scientific Net-
work SpinLab.
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