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The influence of current annealing on the complex domain structure in amorphous and nanocrystalline FeCo-
MoB microwire has been studied. The thickness of radial domain structure together with the switching field of
single domain wall change as a consequence of variation of complex internal stress distribution inside metallic core.
Firstly, radial domain structure thickness monotonously increases with increasing annealing DC current density
for amorphous state. Switching field exhibits local minimum in nanocrystalline sample annealed at 500 MA /m?
for 10 min when the lowest thickness of outer shell (182 nm) was observed. Such annealed sample (which magnetic
properties exhibit excellent temperature stability) is suitable candidate for miniaturized sensor construction for

sensing the magnetic field or mechanical stress.
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1. Introduction

Amorphous ferromagnetic glass-coated microwires are
very attractive materials as sensing element in modern
microsensors (temperature, magnetic field, stress, posi-
tion, or etc.) [1, 2| magnetic coding, automotive and bio-
medical applications. They are prepared by the modified
Taylor-Ulitovsky method by drawing and quenching of
molten master alloy. Peculiar domain structure of such
prepared microwires is characterized an internal axial
monodomain that is surrounded by radial multi-domain
structure (see Fig. 1). As a result, static magnetization
has only two stable states: +Mg or —Mg. Switching
between these two stable states is driven by the domain
wall propagation inside axial domain at the field called
switching field.

However, disadvantage of amorphous microwires is
their unstability or change of magnetic properties with
time (ageing) and temperature [3]. One possible solution
is to use nanocrystalline materials [4], which are prepared
by controlled annealing from the amorphous precursors.
They consist of nanocrystalline grains embedded in the
residual amorphous matrix. Nanocrystalline microwires
are characterized by high temperature stability of the
magnetic properties [5, 6].

In the given contribution, we present the influence of
current annealing on domain structure of FeCoMoB mi-
crowire. Such a composition is characteristic with high
Curie temperature and low crystallization temperature.
Hence, it allows inducing anisotropies by magnetic anne-
aling (e.g. by current annealing) even at high tempera-
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Fig. 1. Schematic internal core-outer shell domain
structure of amorphous or nanocrystalline microwire
with positive magnetostriction.

tures. Current annealing is very effective method of ther-
mal treatment (it was shown that 10 min of current anne-
aling corresponds to 1 h of classical annealing in furnace).
Moreover, current annealing leads to the more homoge-
neous final nanocrystalline microstructure in comparison
to the classical annealing. Additionally, electrical cur-
rent flowing through microwire produces Oersted circular
magnetic field and therefore circular magnetic anisotropy
is induced during annealing. Induced circular anisotropy
prefers vortex domain walls with much faster velocities.
As a result of current annealing, complex distribution of
internal stresses is changed and therefore the values of
the thickness of axial monodomain and switching field of
single domain wall were strongly affected.

2. Experimental methods

Amorphous glass-coated microwires with nominal com-
position of FeygCozgsMoyB1g were selected for our study.
The diameter of metal core was 16 um and total diame-
ter was 34 pm. The studied microwires were annealed at
various DC current densities starting from 150 MA /m?
up to 520 MA /m? for 10 min.
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In order to estimate the value of crystallization current
density, the dependence of the resistance on the applied
electrical current density has been measured at the rate
of 0.1 MA/(m?min).

Quasistatic hysteresis loops were measured at room
temperature by the static induction method [7]. The
length of samples used in the hysteresis loops measure-
ments was 8 cm.

The switching field has been measured by induction
method using triangular waveform to feed primary coils
at two different frequencies: 20 and 2000 Hz. The maxi-
mum amplitude of exciting magnetic field was kept con-
stant (1000 A/m). All measurements of the switching
field were performed at room temperature and length of
selected samples was 10 cm. For more details see [§].

The remanent and saturation magnetization was mea-
sured using a SQUID magnetometer (Quantum Design)
within the temperature range of 10-390 K. The satura-
tion magnetization has been measured in a field of 1 T.
The length of all studied samples used in the SQUID
measurements was 1.5 cm.

3. Results and discussion

Temperature dependence of resistance can help to de-
termine the structural changes which occurred during an-
nealing in materials [9].
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Fig. 2. (left) Dependence of resistance on the anne-
aling DC current density, (right) Temperature depen-
dence of the thickness of outer shell for 4 samples after
different thermal treatment.

Therefore, measurements of dependence of resistance
on the annealing DC current density was firstly perfor-
med (Fig. 2, left). Small variations of resistance at cur-
rent density below 400 MA /m? reflect the structural re-
laxation (stress relief and homogenization) of the amor-
phous structure. Above 400 MA /m?, the resistance stee-
ply decreased as a result of crystallization of bee-(Fe,Co)
crystalline grains [10]. It is worth to note that crystal-
lization current density ~ 400 MA/m? corresponds to
the crystallization temperature = 420 °C estimated from
temperature dependence of resistance [11]. Decrease of
resistance due to nanocrystallization process with incre-
asing annealing DC current density was observed up to
600 MA /m?2. Resistance increases again at higher values

of applied annealing DC current density most probably
due to thermal activation of atomic structure.
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Fig. 3. Quasistatic hysteresis loops for (left) amor-
phous as-cast microwire and (right) nanocrystalline mi-
crowire annealed at 500 MA /m? for 10 min.

Finally, the resistance is much lower in nanocrystalline
microwire after crystallization process in comparison to
initial amorphous state of sample. To conclude, microwi-
res annealed by current density up to 400 MA /m? are in
amorphous state after stress relaxation while microwires
annealed at higher current densities are nanocrystalline.

Fig. 3 shows perfectly bistable quasistatic hystere-
sis loops of the FeCoMoB microwires in the initial as-
prepared state and in nanocrystalline sample after anne-
aling by current density of 500 MA/m? for 10 min. It
is worth to note that studied FeCoMoB-based microwire
does not lose its bistability even after annealing at very
high temperatures (or current densities) [12].

Measurements of temperature dependences of satura-
tion and remanent magnetization were performed in or-
der to study the effect of current annealing on domain
structure. The thickness of outer shell covering inter-
nal axial monodomain was estimated using the relations-
hip [12]:

MS V;g T‘?’

where V, and V; are the volume of the axial monodo-
main and total volume of metallic core, respectively, and
r, and 7 are their respective radii.

Temperature dependences of outer shell thickness for
4 samples after various thermal treatments are shown
in Fig. 2, right. Sample annealed at 470 MA /m? for
10 min is the most sensitive on temperature (variation
is more than 250%). In contrary, as-prepared sample
and sample annealed at 400 MA /m? are extremely stable
and exhibit almost no change of domain structure with
temperature. Moreover, nanocrystalline sample annealed
at 500 MA /m? is also very stable and exhibits very low
variation of the radial domain structure thickness with
temperature.

Annealing at low current density below crystallization
current density (up to 400 MA /m?) leads to the stress re-
laxation. As a result, strongest axial magnetoelastic ani-
sotropy from production process decreases which leads to
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Fig. 4. (left) Dependence of the switching field on

annealing DC current density, (right) dependence of
thickness of outer shell on annealing DC current den-
sity.

the increase of the thickness of outer shell. Additionally,
strong circular anisotropy is induced during current an-
nealing which also leads to the increase of thickness of
outer shell that consists of many adjacent strips with dif-
ferent orientation of magnetization (radial and circular
ones) as is schematically depicted in Fig. 1, which has
been experimentally observed in amorphous microwires,
see for example in [13, 14]. As a result of such annealing
thickness of outer shell almost linearly increases while
values of the switching field exhibit slightly decreasing
tendency.

In contrary, more complex situation was observed in
sample annealed at 400 MA/m? for 10 min. At least
three reasons are responsible for increase of the switching
field together with thickness of outer shell: 1. crystalli-
zation process of bee-(Fe,Co) nanograins, 2. annealing at
high temperatures leads to the inducing strong stresses
applied by glass-coating during cooling after thermal tre-
atment or 3. most probably, a strong circular anisotropy
is induced by the Oersted field during thermal treatment.

Another situation was observed in nanocrystalline mi-
crowires annealed above crystallization current density
~ 400 MA /m?. Such annealing leads to the appearance
of bee-(Fe,Co) grains with very small diameter 12-13 nm
embedded in the residual amorphous matrix [10]. Crea-
ted grains are too small and well separated to interact be-
tween them through exchange interaction. Instead, they
acts as pinning centers for the domain wall propagation.
Therefore, maximum switching field (361 A/m) together
with maximum thickness of outer shell (1763 nm) was
observed in sample annealed at 470 MA /m?.

Annealing at higher current density ~ 500 MA /m? le-
ads to the grain growth that are exchangeably coupled
through the amorphous matrix, in which they are embed-
ded. Therefore, magnetocrystalline anisotropy is avera-
ged out more effectively in comparison to the sample an-
nealed at 470 MA /m?. Particularly, minimum switching
field (227 A/m) together with minimum thickness of ou-
ter shell (182 nm) was observed in such annealed sample.
Therefore annealing current density of 500 MA /m? is op-
timum current density for achievement of soft and stable
nanocrystalline microstructure of metallic core.

Annealing at higher current density ~ 520 MA /m? le-
ads to the introducing of strong stresses by glass-coating
during cooling after thermal treatment and the switching
field increases.

The switching field is in good accordance with the
thickness of outer shell (Fig. 4). The switching field in-
creases with decreasing diameter of the internal axial mo-
nodomain or with increase of the thickness of outer shell.

4. Conclusions

Effect of current annealing on domain structure and
switching field below and above crystallization tempera-
ture has been studied. It is shown that there is a strong
influence between the switching field and outer shell dom-
ain structure in bistable microwires. Current annealing
below 400 MA /m? and above 500 MA/m? for 10 min
leads to the stable domain structure in a wide range of
temperature, which can be used for miniaturized sensor
construction for sensing the magnetic field or mechanical
stress.

Acknowledgments
This article was produced with the support of the OP
Research and Development for the project: “Completion
of the multidisciplinary center for biomedical research -
BIOMEDIRES” ITMS 26210120041, co-financed by the
European Regional Development Fund.

References

[1] T.-A. Ovari, N. Lupu, H. Chiriac, in: = Magnetic
Nano- and Microwires, Ed. M. Vazquez, Elsevier,
2015, p. 199.

[2] D. Praslicka, M. Smelko, P. Lipovsky, V. Kan, N. Fla-
chbart, J. Electr. Eng. 66, 33 (2015).

[38] V. Zhukova, in:  Nowel Functional Magnetic Mate-
rials, Ed. A. Zhukov, Springer, Switzerland 2016,
p. 221.

[4] G. Herzer, Acta Mater. 61, 718 (2013).

[5] H. Chiriac, M. Tibu, T.-A. Ovari, I[EEE Trans.
Magn. 45, 4286 (2009).

[6] F. Beck, R.C. Gomes, K.D. Sossmeier, F. Bohn, M.
Carara, J. Magn. Magn. Mater. 323, 268 (2011).

[7] J.Ziman, B. Zagyi, J. Magn. Magn. Mater. 169, 98
(1997).

[8] C. Garcia, V. Zhukova, J. Gonzalez, J.M. Blanco, A.
Zhukov, Physica B 403, 286 (2008).

[9] K. Pekala, J. Latuch, M. Pekala, I. Skorvanek, P. Jas-
kiewicz, Nanotechnology 14, 196 (2003).

[10] S. Michalik, J. Gamcova, J. Bednarcik, R. Varga, J.
Alloys Comp. 509, 3409 (2011).

[11] P. Klein, R. Varga, P. Vojtanik, J. Kovac, J. Ziman,
G.A. Badini-Confalonieri, M. Vazquez, J. Phys. D
Appl. Phys. 43, 045002 (2010).

[12] P. Klein, R. Varga, G.A. Badini-Confalonieri, M. Va-
zquez, J. Magn. Magn. Mater. 323, 3265 (2011).

[13] N.N. Orlova, A.S. Aronin, S.I. Bozhko, Yu.P. Kaba-
nov, V.S. Gornakov, J. Appl. Phys. 111, 073906
(2012).

[14] A. Stupakiewicz, A. Chizhik, M. Tekielak, A. Zhukov,
J. Gonzalez, A. Maziewski, Rev. Sci. Instrum. 85,
103702 (2014).


http://dx.doi.org/10.1016/B978-0-08-100164-6.00007-2
http://dx.doi.org/10.1016/B978-0-08-100164-6.00007-2
http://dx.doi.org/10.1007/978-3-319-26106-5_6
http://dx.doi.org/10.1007/978-3-319-26106-5_6
http://dx.doi.org/10.1016/j.actamat.2012.10.040
http://dx.doi.org/10.1109/TMAG.2009.2022743
http://dx.doi.org/10.1109/TMAG.2009.2022743
http://dx.doi.org/10.1016/j.jmmm.2010.09.011
http://dx.doi.org/10.1016/S0304-8853(96)00712-3
http://dx.doi.org/10.1016/S0304-8853(96)00712-3
http://dx.doi.org/10.1016/j.physb.2007.08.030
http://dx.doi.org/10.1088/0957-4484/14/2/319
http://dx.doi.org/10.1016/j.jallcom.2010.12.098
http://dx.doi.org/10.1016/j.jallcom.2010.12.098
http://dx.doi.org/10.1088/0022-3727/43/4/045002
http://dx.doi.org/10.1088/0022-3727/43/4/045002
http://dx.doi.org/10.1016/j.jmmm.2011.07.027
http://dx.doi.org/10.1063/1.3702448
http://dx.doi.org/10.1063/1.3702448
http://dx.doi.org/10.1063/1.4896758
http://dx.doi.org/10.1063/1.4896758

