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Abstract

We have successfully fabricated nanocrystalline Co2MnSi Heusler alloy glass-coated microwires with a metallic nucleus diameter
of 10.2 ym and total diameter 22.2 ym by the Taylor—Ulitovsky technique. Magnetic and structural investigations have been
performed to clarify the basic magneto-structural properties of the Co2MnSi glass-coated microwires. XRD showed a well-
defined crystalline structure with a lattice parameter a = 5.62 A. Metallic nucleus of both annealed and as-prepared sample
show L21 cubic ordered structured mixed with the amorphous glass coating. The hysteresis loops showed unique thermal stability
with temperature, the coercivity (Hc) exhibits roughly stable temperature behavior. The annealed sample shows anomalous
magnetic behavior with temperature at applied external magnetic field H = 5 kOe, where different four trends of magnetization
curves with temperature are observed. The obtained results illustrate the sensitivity of Co2MnSi-based glass coated microwires

to the temperature and magnetic field which make it a promising material for sensing application.
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We have successfully fabricated nanocrystalline CooMnSi Heusler alloy glass-coated microwires with a me-
tallic nucleus diameter of 10.2 ym and total diameter 22.2 ym by the Taylor-Ulitovsky technique. Magnetic
and structural investigations have been performed to clarify the basic magneto-structural properties of the
CooMnSi glass-coated microwires. XRD showed a well-defined crystalline structure with a lattice parameter
a = 5.62 A. Metallic nucleus of both annealed and as-prepared sample show L2; cubic ordered structured
mixed with the amorphous glass coating. The hysteresis loops showed unique thermal stability with tem-
perature, the coercivity (Hc ) exhibits roughly stable temperature behavior. The annealed sample shows



anomalous magnetic behavior with temperature at applied external magnetic field H = 5 kOe, where diffe-
rent four trends of magnetization curves with temperature are observed. The obtained results illustrate the
sensitivity of CosMnSi-based glass coated microwires to the temperature and magnetic field which make it
a promising material for sensing application.

Index Terms —Nanocrystalline magnetic materials, Coercive force, Magnetic hysteresis, Heusler alloy.

Introduction

M

icro/nanostructured magnetic materials in various physical forms have gained the interest of researchers
due to their potential applications in spintronics, magneto optics, and thermoelectricity [1-6]. Glass-coated
micro- and nanowires with amorphous and nanocrystalline structure are particularly fascinating materials
in terms of both theoretical and technological applications. The modified Taylor-Ulitovsky method can be
used to manufacture large amount of these microwires [7]. As a result, research on glass-coated microwires
has gained a lot of attention lately, partly because of their technical applications, particularly as sensor
components in various systems [8,9].

Heusler alloys, which have compositions of XoYZ (full-Heusler) or XYZ (half-Heusler), where X and Y are
transition metals and Z is the main group element, are among the promising ferromagnetic alloys [10].
These materials have a number of potential applications. Co-based Heusler compounds are among the most
promising materials for multifunctional applications because of their high Curie point (Tc > 1200 K), tunable
band structure, and low magnetic damping coefficients [11]. Due to its high band gap for minority spins (0.5
to 0.8 eV), high Curie temperature (985 K), high tunnel magnetoresistance, large magnetoresistance ratios,
and perpendicular magnetic anisotropy, CooMnSi is a strong candidate for an advanced spintronic device
[12,13]. Thus, CosMnSi Heusler alloy is one of the most studied Co-based Heusler compounds.

The most common method for fabricating the magnetic Heusler alloy is arc melting, followed by thermal
treatment to improve its physical structure [3]. it Using this preparation technique was possible to create
bulk Heusler alloys with variable chemical compositions using this technique. Furthermore, several processes
are used to produce Heusler alloys in a variety of forms, including thin films, nanoparticles, ribbons, and
nanostructured materials, according to reports elsewhere [14]. Miniaturization, as previously stated, allows for
the modification and enhancement of several physical properties of bulk Heusler alloys [14,15]. Nevertheless,
there are a number of issues and difficulties that must be addressed before any potential "multifunction and
smart” Heusler alloy can be prepared. First, large-scale production of alloys made from Heusler compounds
with identical chemical and physical properties. Furthermore, specialized processes were costly and limited by
extremely precise physical requirements (ultra-high vacuum, pressure, power, high temperature and specific
substrate).

Recently, Heusler alloys-based glass-coated microwires prepared by Taylor-, Ulitovsky method show a promi-
sing ability to tailor the magnetic and physical properties of the metallic core materials as reported elsewhere
[15,21].
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Taylor-Ulitovsky fabrication method allows to produce ultra-thin and uniform glass-covered microwires, com-
posed of a metallic nucleus (diameter 0.1-100 ym) coated by a glass cover (thickness 2-10 pm) [8,9]. Due
to the low cost of large-scale manufacturing (i.e., a few kilometers from a small ingot (5 g), it is a very
promising approach for the creation of multifunctional & smart materials for a wide range of applications.
Furthermore, the versatility of creating Heusler-based glass-coated microwires with different structures, such
as amorphous, nanocrystalline, and granular, provides a unique opportunity to investigate the impact of
different microstructure types of the same material on its physical properties [8,9,14]. Furthermore, flexi-
ble, insulating, and continuous glass coating provides electrical short-circuit protection, allowing the use of
Heusler-based glass-coated microwires in harsh chemical environments, as well as biocompatibility for the
often biologically incompatible structure of Heusler alloys [22,23]. However, to our best knowledge, such
promising Heusler alloys, namely Co,MnSi-based glass-coated microwires, have not been investigated. As
a result, this study, along with our recent studies [14,18] is regarded as a pioneering investigation aimed at
revealing the primary magneto structural properties of CooMnSi-based glass-coated microwires.

In current paper we illustrate the effect of annealing and external magnetic field on the magneto-structural
properties of CoMnSi based glass-coated microwire.
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To prevent the Mn deficit due to Mn evaporation of the CooMnSi alloy during the melting process, we used
a commercial arc furnace with a Mn excess from highly pure elements, Co (99.99%), Si (99.9%), and Mn
(99.99%) under vacuum and in an argon atmosphere. The CooMnSi alloy’s nominal chemical composition
was determined using energy dispersive X-ray (EDX)/ scanning electron microscopy (SEM) [14,18]. Then,
we fabricate glass-coated CooMnSi microwires. In brief, a high frequency inductor heated an ingot above its
melting temperature, and then a glass capillary was formed, which was filled with molten Co;MnSi alloy,
drawn out, and wound onto a rotating pick-up bobbin [14,18]. The details of the thermal annealing condition
of CoaMnSi glass coated microwires reported in [18]. To investigate the structure, we used X-rays Diffraction

Magnetic Field (kOe)

for the annealed and as-prepared sample.



Room temperature and thermal magnetic behavior of CooMnSi glass-coated microwire samples has been
performed by using the physical property magnetic system, PPMS (Quantum Design Inc., San Diego, CA,
USA), for the field cooling and field heating magnetization curves for a temperature range from 5 K-350 K
with an applied external magnetic field up to 5 kQOe.

experimental results and discussion

From the XRD analysis of the as-prepared and annealed CoMnSi glass-coated microwires, we deduced that
the structure consists of an amorphous glass-coating combined with the ordered 1.2; cubic phase as shown
in Fig. 1. The XRD of annealed sample shows an increased XRD peaks intensity, as- compared to the
as-prepared sample. Both of sample show a mixed ordered structure overlapping with the amorphous signal
at 20 = 22.5@. In addition, the peak at 20 = 27@ with (200) is disappeared in the annealed sample. The
average grain size evaluated using Debye-Scherrer formula increases from 46 to 64 nm for as-prepared and
annealed sample, respectively.

Figures 2 summarize the magnetic hysteresis behavior of as-prepared and annealed Co;MnSi glass-coated
microwires over a wide temperature range of 400 K to 5 K. For a better comparison of the magnetic behavior
of the samples, all M-H loops are represented as M/Msk, where M5K is the maximum magnetic moment
obtained at 5K. The normalized M/Mjsk values are calculated by comparing the maximum magnetic moment
at various T to the Mk -value. As illustrated in Figure 2, all samples, annealed and as-prepared, exhibit
ferromagnetic behavior because the Curie point is much higher than the room temperature. Furthermore,
the annealed sample has lower normalized saturation magnetization than the as-prepared sample.
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From the hysteresis loops measured at various temperatures, 7' , 5-400 K, of as-prepared and annealed
(1023 K, 2 h) CooMnSi glass-coated microwires, we evaluated the temperature dependence of coercivity
of annealed sample, Hcgy,pn , and the coercivity for as-prepared sample Hcgsp, . Then we calculate the
increasing factor P =Hegypn/Hegsp - As seen in Table 1, the annealed sample shows more than 3 times higher
coercivity compared to the as-prepared sample at all range of measuring temperature, being the average
of the increasing factor 3.02. Interesting behavior of P with temperature is observed: P shows a jump
below T = 200 K, as the increasing factor increase from 2.3 to 3.2 time for temperature 200 k and 150 K,
respectively. This sudden increase at P value is related to changing in microstructure of annealing sample
which can be associated to the phase transition. Small variation of He with T is observed for the as-prepared
and annealed samples. Higher Hc - values of the annealed sample can be related to various reasons, such as
different microstructure of annealed sample, related to the recrystallization process of annealed samples or
coexistence of ferromagnetic and antiferromagnetic interactions, which can affect the magnetic response with
temperature and magnetic field as well. The small variation in the coercivity with temperature may manifest
the unique thermal stability of coercivity with temperature. This type of H, stability with temperature can
be suitable for various applications.

TABLE I

Coercivity dependence on temperature for annealed and as-prepared CooMnSi glass-coated microwires.

T (K) Hegsp (Oe) Hegnyn (Oe) P = Heann, / Hegsp
5 7 24 3.4
10 6 22 3.7
20 5 23 4.6
50 7 23 3.3
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T (K) Hegsp (Oe) Hegnn (Oe) P = Heann / Hegsp

100 6 21 3.5
150 6 19 3.2
200 8 18 2.3
250 8 19 24
300 9 20 2.2
350 8 20 2.5
400 9 19 2.1

To investigate the possible magnetic phase transition in as-prepared and annealed samples, we measure
temperature dependence of magnetization at low magnetic field H = 100 Oe [14,18]. As illustrated in our
previous studies, both of CooMnSi glass coated microwires sample show irreversible behavior combined with
blocking temperature 200 K. In addition, we illustrated the different magnetic behavior for annealed and
as-prepared sample below and above blocking temperature. Here we investigate the magnetization behavior
with temperature with applied high magnetic field i.e., H = 5 k-Oe. As shown in Figure 3, both of samples
show totally different magnetic behavior. For as-prepared sample notable mismatching between the field
cooling (FC) and field heating (FH) magnetization curves, such mismatching did not observe for FC and FH
measured at low magnetic field [18]. In case of annealed sample, substantial change in magnetization versus
temperature is observed. Four different tendencies of magnetization with temperature are detected. First
part a decreasing of normalized magnetization from 350 to 300 k then sharp increasing with temperature for
temperature range 300 K to 200 K. Third region described by rapid decreasing of magnetization from 200 K
to 100 K. Finally, gradual increase of FC and FH magnetization curves from 100 K to 5 K. These changing
in FH and FC magnetization curves matched with the behavior of the increasing factor P with temperature.
Such of this magnetic tendency with temperature for annealed sample is totally different of which reported
at our previous article [18]. The magnetic behavior of annealed sample indicates the sensitivity of annealed
Co2MnSi glass-coated microwires to the temperature and magnetic field which make it a promising candidate
for magnetic sensing.

Conclusions

In current work we illustrate the effect of the applied magnetic field and annealing for tailoring of the magnetic
behavior of CooMnSi-based glass-coated microwires. The annealing substantially affects both the structure
and magnetic behavior of CooMnSi alloy. However, the XRD profile of annealed sample show a notable
change in its intensity, both of sample show L2; cubic ordered structured overlapping with the amorphous
signal. In addition, an increase in the average grain size from 46.2 nm to 64.2 nm for the as-prepared and
annealed sample, respectively. The annealed sample show different magnetic respond with the temperature
and magnetic field compare to the as-prepared one. Firstly, the annealed sample shows 3 time higher
coercivity than as-prepared sample. In addition, FC and FH magnetization curves show a unique magnetic
tendency with temperature at applied external magnetic field 5 kOe, where four recognized temperature range
have different magnetic behavior. The remarkable thermal stability of the coercivity values of annealed and
as-prepared CooMnSi glass-coated microwires can be integrated in generators, sensors, transformers, and
switching circuits based on glass-coated microwires for application possibilities.
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