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Abstract: We used the Taylor-Ulitovsky technique to prepare nanocrystalline CooMnGe Heusler
alloy glass-coated microwires with a metallic nucleus diameter of 18 £ 0.1 um and a total diameter
of 27.2 £ 0.1 um. Magnetic and structural studies were carried out to determine the fundamental
magneto-structural characteristics of Co,MnGe glass-coated microwires. XRD revealed a well-defined
nanocrystalline structure with an average grain size of about 63 nm, lattice parameter a = 5.62 and
a unique mixture of L2; and B2 phases. The hysteresis loops measured at different temperatures
indicated a well-known ferromagnetic behavior for the reduced remanent, where a monotonic
increasing in the reduced remanent and saturation magnetization occurs. The coercivity shows
anomalous behavior compared to the Co2Mn-based glass-coated microwires. The magnetization
curves for field cooling and field heating (FC—FH) demonstrate a considerable dependence on the
applied magnetic field, ranging from 50 Oe to 20 kOe. Internal stresses, originated by the production
process, resulted in various magnetic phases, which were responsible for the notable difference of FC
and FH curves on magnetization dependence versus temperature. Furthermore, the ferromagnetic
behavior and expected high Curie temperature, together with high degree of the L2; order, make it a
promising candidate for many applications.

Keywords: microwires; Heusler alloys; magneto-structural characterization; secondary phases;
L2; and B2 phases structure

1. Introduction

The unique properties of nano/microstructured magnetic materials have sparked
significant interest in the field of materials science and engineering. These materials possess
high magnetic anisotropy, which is further enhanced by the presence of nanoscale or
microscale structures. As a result, they have found numerous applications in various fields,
such as data storage, energy conversion, biomedicine, and sensing [1-7].

Heusler alloys, discovered at the beginning of the 20th century, are a diverse family
of binary, ternary, and quaternary compounds with a wide range of physical characteris-
tics suitable for various applications, including spintronics, magnetic refrigeration, and
actuators, among others [8,9]. They stimulate the curiosity of fundamental and applied
researchers due to their considerable tunability depending on chemical composition, crystal
structure, or electronic structure [10]. Spin polarization, superconductivity, shape memory,
and magnetocaloric effect, in particular, have attracted considerable interest from both
an experimental and theoretical point of view [8-10]. Heusler alloys, also known as full-
Heusler alloys with the stoichiometry X,YZ, may be classified into many classes based on
their chemical composition and consequent characteristics [11]. Heusler based on Co,YZ is
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a prominent category of materials with high spin polarization (P) or even half metallicity
(P 100%). However, theoretical and experimental investigations show that spin polarization
is very sensitive to structural instability. The L2 crystalline phase has the greatest struc-
tural ordering, which is necessary to achieve the requisite spin polarization levels. While
the mutual exchange of atoms on the Y-Z position (B2 disorder) has little effect on spin
polarization values, the X-Y or X-Y-Z disorders (D03 or A2, respectively) can dramatically
reduce spin polarization [12]. Moreover, the Heusler alloys described above, have complex
crystalline structures that need extremely high temperatures (usually >1000 K in the bulk
form and >650 K in the thin-film form) for their crystalline ordering [13]. As a result, one
major issue when producing X,YZ full-Heusler thin films is to achieve the chemically
ordered L2; phase, as the excellent features of Co,-based Heusler compounds (CooMnGe)
are most typically expected for this L2; phase (see Figure 1a). Cop-based Heusler alloys,
on the other hand, can crystallize in a variety of phases with reduced chemical ordering,
without affecting the atomic sites in the lattice [14]. The most common disordered phase
is B2, in which the Y and Z atoms are randomly distributed, resulting in a primitive unit
cell rather than the FCC cell (Fm-3m—Pm-3m) (see Figure 1b). At this time, it is unknown
how much the chemical disproportion affects the physical features. It is worth noting that
ab initio calculations [15] and experiments [16] show that the physical properties (Curie
temperature, cell parameter, magnetic moment, magnetic damping constant, and spin
polarization at EF) of the L2; and B2 phases are slightly distinguishable from one another,
and the half-metallic spin gap should be conserved.
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Figure 1. (a) L2; cubic structure (Co atoms occupy the red positions, Mn atoms occupy the yellow

positions and Ge atoms occupy the green positions) and (b) B2 cubic structure (Co atoms occupy the
purple positions, Mn and Ge atoms occupy the green positions).

The half- and full-metallic Heusler alloys prepared by physical vapor deposition,
i.e., thin-film forms, ball milling, or arc melting, are critical for obtaining the necessary
structural ordering, i.e., L2;, and preventing the formation of disordered structures, such as
B2, A2, and DO3, which may arise during the alloy manufacturing process [9]. Several of
them continue to face challenges, such as easy oxidation from the standpoint of appropriate
atomic ordering, high cost of preparation processes, chemical composition inhomogeneity,
and lattice mismatch between the alloy and the substrate [9,10]. Long annealing durations
at high temperatures are utilized to avoid the creation of unnecessary phase structures. To
address the aforementioned shortcomings, Heusler alloy manufacture has recently used a
rapid quenching technique [10]. The fast quenching approach has the benefit of allowing
for the fabrication of diverse amorphous and crystalline materials in varied shapes, such as
ribbons and microwires, in a single step [12].

Studies of magnetic wires have attracted substantial attention along several decades [17].
The main attention is paid to amorphous magnetic wires, which can present unique mag-
netic properties, such as spontaneous magnetic bistability or giant magnetoimpedance
(GMI) effects [17,18]. Magnetic wires with amrohpous and/or nanocrstalline can be pre-
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pared using various fabrication methods involving rapid solidification [17,18]. How-
ever, only the so-called Taylor—Ulitovsky fabrication method allows for the preparation
of the magnetic microwires with the most extended (from 0.2 up to 100 um) diameters,
d, range [17,18]. Such microwires are composites consisting of a metallic nucleus (with
0.2 < d <100 um), usually comprising iron, cobalt, nickel or their alloys, covered by
thin, flexible, and insulating glass (typically Pyrex or Duran) coating (typically with a
thickness of 0.5 to 10 um) [17,18]. Accordingly, glass-coated microwires have extended
potential applications in sensing, actuation, and biomedical engineering. The glass coating
provides exceptional mechanical stability to the microwires, while also protecting them
from corrosion, oxidation, and other environmental conditions. Furthermore, the magnetic
softness of the amorphous metallic nucleus, together with the glass coating, enables high
sensitivity to external stimuli such as magnetic fields, temperature changes, and mechanical
stress [17-24]. Such sensitivity is related to the metallic nucleus magneto-strictive origin,
which responds to the applied stimulus. Glass-coated microwires have been utilized to
create innovative sensors that measure magnetic fields, temperature, and stress for a variety
of applications [17-19]. They have also demonstrated promising features for actuators and
in medicinal applications, including medication delivery and cancer therapy. The unique
mix of qualities of glass microwires makes them a viable material for future technological
improvements [17,19].

In the current work, we present an attempt to obtain Co,MnGe glass-coated mi-
crowires. The fabrication method choice is due to the interesting magneto-structural
behavior of glass-coated microwires from Heusler alloys, as well as functional proper-
ties of glass-coated microwires, such as superior mechanical properties, insulating, thin
and flexible glass-coating, and thin dimensionality [19-27]. Accordingly, we manufactured
Co,MnGe glass-coated microwires using the Taylor-Ulitovsky process, described in details
elsewhere [20,21]. The Taylor-Ulitovsky technique, known since the 1960s [28], is one of the
fabrications recently used to produce Heusler alloys glass-coated microwires [19-27]. The
fundamental advantage of this low-cost technology is that it enables the manufacturing of
thin and long (a few kilometers long) microwires with an extended diameter range (d-values
from 0.1 to 100 um) at high speeds (up to a few hundred meters per minute) [28-30]. Glass-
coated microwires with outstanding mechanical characteristics are also produced using
this technology [21,31-33]. The glass coating on the microwires can provide us additional
benefits, such as increased insulation and environmental protection. Furthermore, the
availability of a biocompatible thin, flexible, insulating, and highly transparent glass cover-
ing might help biological applications [34,35]. As a result, Heusler microwires based on
Co,MnGe are a potentially smart material for a wide variety of device applications. To the
best of our knowledge, no one has reported on the preparation, and structural, mechanical,
or magnetic characterization of Co,MnGe-based glass-covered Heusler microwires.

2. Materials and Methods

For the production of Co,MnGe glass-coated microwires, the first step is the manufac-
turing of the Co,MnGe alloy ingot by arc melting under argon atmosphere. The melting
process starts by melting the nominal elements with high purity (Co (99.99%), Mn (99.9%)
and Ge (99.9%)). The argon atmosphere is proceeded in order to avoid the oxidation during
melting. To attain an alloy with higher homogeneity, the melting route was repeated five
times. Then, the nominal composition was verified by performing energy-dispersive X-ray
(EDX) analysis, finding the real composition to be Cos5MnyyGeps. Afterwards, when we
acquired the alloy, we prepared the CooMnGe glass-coated microwires using the Taylor—
Ulitovsky technique [20,21,28]. This fabrication procedure consists of melting the previously
prepared alloy inside the glass tube with a high-frequency inductor, the forming of the
glass capillary, and drawing the composite (metallic nucleus cover by glass) microwire
directly from the melted master alloy. During the drawing phase, the molten metallic alloy
fills the glass capillary and then a glass-coated microwire is formed [17,18,29]. Finally, the
metallic nucleus of the microwire is completely covered by an insulating, flexible, and



Processes 2023, 11, 1138

40f12

continuous glass-coating. The chemical composition of the metallic nucleus is provided in
Table 1. The obtained diameter of the inner metallic nucleus of the microwire sample is
around 18 um, while the total diameter (with an external Pyrex coating) is around 27.1 um.
The microstructure and phase composition analysis for the produced samples have been
examined with a BRUKER X-ray diffractometer (D8 Advance, Bruker AXS GmbH, Karl-
sruhe, Germany), performed with Cu Ko (A = 1.54 A) radiation. Furthermore, the magnetic
behavior was scrutinized through the magnetization curves, which were measured using a
PPMS (Physical Property Magnetic System, Quantum Design Inc., San Diego, CA, USA)
vibrating sample magnetometer at temperatures, T, between 5 and 400 K. A magnetic field,
H, between 50 Oe and 20 kOe, was applied along the sample axis and perpendicular to
the wire axis. The results are provided in terms of the normalized magnetization, M/Msk,
where M5k is the magnetic moment obtained at 5 K.

Table 1. Atomic percentage of Co, Mn, and Ge elemental composition in Co,MnGe glass-
coated microwires.

EDX Spectrum Co (at. %) Mn (at. %) Ge (at. %)
Average 53£2 22+£2 25+1
3. Results

To check the chemical composition of the Co,MnGe glass-coated microwires, we
performed EDX/SEM analysis and the output results are listed in Table 1. The composition
of the metallic nucleus was found to be somewhat different from the stoichiometric one
using the EDX data from Table 1 (Co,MnGe). This little variance was due to the peculiarities
of the preparation procedure, which included alloy melting and casting. We examined
the nominal composition for 10 locations to determine the amount of difference. The
actual 2:1:1 ratio for Co, Mn, and Ge was verified for all locations, with an atomic average
Cos6Mny9Geps.

X-ray diffraction (XRD) patterns of Co,MnGe alloys in glass-coated microwires were
investigated at room temperature and are shown in Figure 2. As shown in Figure 2, at low
angles within the XRD diffractogram, at 20 ~ 22°, a huge halo is observed, which must
be ascribed to the amorphous glass coating presence. The same behavior was reported
and discussed elsewhere [19-26]. The Co,MnGe full-Heusler alloy has to be indexed in the
Fm-3m space group with an L2 cubic structure. Indeed, the cubic structure of Co,MnGe
was confirmed by the XRD profile. From the XRD pattern analysis, the presence of a cubic
structure is well perceived. Nevertheless, a second phase can be detected (see Figure 2b).
This hypothesis is drawn from the fact that the main peak (220) results from an overlapping
of two very close peaks; one peak at around 20 ~ 44°, recognized as the L2; structure, and
the other one at about 26 ~ 45°, which may be due to the B2-type disordered structure.

Therefore, the crystalline structure of the prepared Co,MnGe glass-coated microwires
is an FCC-L2;, with a minor BCC-B2 cubic structure in some parts of the synthesized
sample. The estimation of the volume fraction of the obtained microstructure phase, i.e.,
L2 and B2, prove that the main phase of the as-prepared Co,MnGe glass-coated microwires
is FCC-L21, with percentages of 92.3 and 7.7% for B2 type. However, the low value of
the disordered microphase structure, i.e., B2, changing in magnetic behavior has been
observed, as will be illustrated in the magnetic section. Although the L2; structure is an
extremely ordered and crucial structure to achieve the required spin polarization values,
it should be mentioned that the manufacturing process of the microwires may result in
a different structural disorder (B2, A2, DO3, etc.), as described in the introduction. For
instance, the mutual disorder between Y (Mn) and Z (Ge) atomic positions outlines the
B2 disorder type (see Figure 1). It is worth noting that the theoretical calculations account
for the fact that the B2-type disorder structure produced in Y-Z elements has a far smaller
impact on the spin polarization values than the X-Y disorder and X-Y-Z disorder, both
of which noticeably diminish this feature [12]. The presence of (111), (200), and (311)
super-lattice diffraction peaks confirms the presence of the high-ordered L2; structure [36].
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The estimated lattice parameter and calculated volume of the cell are a = 5.7430 A and
V =189.42 A3, respectively, which perfectly matched with the lattice parameter and volume
values reported elsewhere [16,37] for Cop,MnGe thin films. In addition, we estimated
the lattice parameters of the cell for the secondary phase of B2 type, which were about
a =428 A’ and V = 78.40 A3. Such a high-ordered 1.2; structure is detected in Co,MnGe-

based glass-coated microwires for the first time.
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Figure 2. (a) X-ray diffraction (XRD) diffractograms at room temperature of Coo,MnGe, and (b) XRD
diffraction patterns of Coo,MnGe (enlargement of (220) peaks).

For a deeper investigation of the microstructure of Co,MnGe, we used the Debye-
Scherrer’s equation, described in our previous works [23]. Using this protocol, we can
estimate the average grain size, Dg, related to the main peak, i.e., L2; cubic structure, being
about 63.3 nm for the as-prepared Co,MnGe microwires.

The ferromagnetic ordering of the as-prepared Co,MnGe glass-coated microwires is
evidenced in Figure 3, where the magnetic hysteresis (MH) loops measured at 5 K < T < 305K
are provided. The MH loops have been measured at an applied high magnetic field, H, of up to
+40 kOe, to make sure that the Co,MnGe glass-coated microwire sample presented magnetic
saturation. In addition, MH loops were measured at different temperatures to illustrate their
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behavior with temperature. Due to the high-ordered L2; structure, perfect ferromagnetic
behavior is observed where the normalized saturation magnetization has a monotonic increase
by decreasing the temperature, i.e., the lowest value of the M/Msk ratio was detected at 305 K
and the highest value was observed at 5 K. Thus, the high degree of the L2; ordered phase of
the as-prepared, as well as the average grain size, Dg, of Co,MnGe glass-coated microwires
are relevant factors that can affect MH behavior with temperature. Such a characteristic of
MH loops by varying the temperature was not observed in our previous investigation for
the CooMn-based glass-coated microwires, due to the low degree of the L2; ordered phase
(see [20,25]).
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Figure 3. Magnetization curves M/M5k (H) of the as-prepared Co,MnGe glass-coated microwires
measured at a maximum field, 40 kOe, and a temperature range of 305 K to 5 K. Low field M/Msk
(H) loops are shown in the inset.

From low-field hysteresis loops (see the inset of Figure 3) the coercivity, H, of about
125 Oe for the whole T-range can be appreciated. Such H. values are about one order
of magnitude higher than that reported for other Co,Mn-based microwires [20,25]. This
difference in H¢ values can be related to higher average Dg values observed in the as-
prepared Co,MnGe glass-coated microwires.

To understand the relationship between the temperature and the magnetic parameters,
such as H. and normalized reduced remanent M;, these variables are obtained directly
from the MH loops that were measured at various temperatures. Figure 4 illustrates the
non-monotonic He behavior when H, increases from 103 Oe to 120 Oe, as the temperature
decreases from 305 K to 150 K. Then, when the temperature decreases from 155 K to
55 K, Hc starts to decrease from 120 Oe to 97 Oe. The maximum value of H. is reported at
T = 5 K, while a rapid rise in H. has been seen below T = 55 K. Such behavior of the
H. is totally different from the H. behavior of Co,MnSi glass-coated microwires, where
the coercivity shows a stable behavior with temperature, as reported by [20,25]. The
variation in H. with temperature is strongly related to the microstructure evolution, as glass-
coated microwires are very sensitive to the magnetic field and temperature. In addition,
strong internal stress introduced during the fabrication of glass-coated microwires is the
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primary factor in the unusual change of the axial coercivity of Heusler-based glass-coated
microwires [21,26]. Moreover, temperature has a significant impact on internal stresses. As
described in the structural section of this publication, the Co,MnGe glass-coated microwires
studied in this paper had L2; and B2 microstructures. However, the B2-BCC microstructure
has a low volume fraction of about 7.7%, while the main volume fraction corresponds to
the L2 FCC structure (92.3%). Such a disorder microstructure can affect the behavior of the
coercivity, especially at a low magnetic field, as described by the thermomagnetic properties
at the low field (Figures 5 and 6). These features affect the behavior of the temperature
dependence of coercivity. For the M; and saturation magnetization (Ms) dependencies
in temperature, normal ferromagnetic behavior is observed, where the M; and Mg show
a monotonic increase by decreasing the temperature from 305 K to 5 K, as described
in Figure 4.
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Figure 4. Coercivity (H¢) and normalized remanent (M;) (a,b) magnetization saturation (Ms) of the
as-prepared CooMnGe glass-coated microwire dependence on temperature.
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Figure 5. Measured temperature dependence on magnetization for the as-prepared Co,MnGe glass-
coated microwires, with 50 Oe (a) and 200 Oe (b) of applied external magnetic field.

The thermomagnetic properties, i.e., M/Msk vs. T, and magnetic field of the Co,MnGe
glass-coated microwires, are shown in Figures 5 and 6. In this part, we only focused on the
magnetization behavior at a wide range of temperatures and magnetic fields to evaluate
the possible magnetic phase transition. We measured temperature dependencies of the
magnetization in the temperature, T, range from 5 to 400 K. To avoid the over estimation of
the magnetization, we used normalized magnetization parameters (M/Msk), where the
M5k is the highest magnetic moment detected at 5 K. Notable ferromagnetic behavior has
observed for all ranges of measured temperatures and applied magnetic fields, which is
expected due to the high Curie temperature for the Co,MnGe alloy above 883 K [16,37].
For field cooling (FC) and field heating (FH) magnetization curves, a notable mismatching
between FC and FH curves has been observed when (M/Msk vs. T) the dependence was
measured at a low magnetic field, i.e., 50 Oe and 200 Oe, as seen in Figure 5. For the M/Msk
(T) curves measured at 50 Oe, the FC curve overlapped FH curves at a temperature range of
400 K to 200 K, then reversed at a temperature range of 200 K to 30 K. Finally, full matching
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was observed for T below 30 K. This behavior can be discussed with two flipped points,
where the FC and FH magnetization curves changed. By increasing the externally applied
magnetic field, i.e., 200 Oe, these flipping points disappeared and a uniform magnetic
tendency was detected, where FH overlapped FC for the temperature range of 400 K to
20 K, while perfectly matching below 20 K, as indicated in Figure 5b.
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Figure 6. Measured temperature dependence of magnetization for the as-prepared Co,MnGe glass-

coated microwires, with 1 kOe (a), 5 kOe (b), and 20 kOe (c) of applied external magnetic field.
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For further increase of the applied magnetic field, both the FC and FH magnetization
curves were perfectly matched and homogenous ferromagnetic behavior was seen (see
Figure 6). The interesting magnetic field dependence of FC and FH curves indicates the
sensitivity of CooMnGe to the magnetic field and temperature.

4. Discussion

The strong variation of the FC and FH magnetization curves with externally applied
magnetics field must be related to the microstructure of the Co,MnGe glass-coated mi-
crowires and the peculiarities of the fabrication method. As illustrated in XRD analysis, the
high-ordered L2 microstructure is confirmed alongside the disordered B2 phase structure.
The existence of the B2 disorder phase structure strongly affects the magnetic behavior at
applied low magnetic fields, i.e., 50 and 200 Oe, resulting in the two flipped points and the
mismatching between the FC and FH magnetization curves. This disordered effect is totally
suppressed by applied high magnetic fields of 1 kOe (in our case) to 20 kOe. Thus, a perfect
matching of FC and FH magnetization curves was observed (see Figure 6). The increase
in the degree of microstructure ordering of Heusler-based glass-coated microwires leads
to a uniform magnetic behavior with temperature and magnetic field (for more details
see [19,24-27]). The origin of such a disordered structure must be related to the rapid melt
quenching involved in the fabrication method, as well as by the internal stresses related to
the composite origin of glass-coated microwires [23,27,38—40]. Alongside the disordered
structure, the preparation of glass-coated microwires is also characterized by large internal
stresses (up to 1 GPa), originating mainly from the essentially different thermal expansion
coefficients of the metallic alloy and glass-coating [38—40]. On the other hand, such disor-
dered structures have also been observed in thin films [41]. It is worth mentioning that the
structural disorder and high internal stresses in glass-coated Heusler alloy microwires and
thin films can be considerably diminished by appropriate annealing [41,42]. Therefore, one
of the future lines of research of Co,MnGe glass-coated microwires will concern with the
search for appropriate postprocessing for magnetic property tunning.

5. Conclusions

In summary, we report on the fabrication of high-ordered Co,MnGe glass-coated mi-
crowires by using the Taylor-Ulitovsky technique. In the as-prepared CooMnGe microwires,
ferromagnetic ordering is observed in a whole range of temperatures. The XRD analysis
confirms the presence of high-ordered nanocrystalline L2; structure, with an average of
crystallite size of 63.3 nm and lattice constant of 5.7430. In addition to the L2; structure, a
disordered B2 structure is found, combining with the main peak of L2;. The estimation
of the volume fraction for the main and secondary phase indicated the majority being the
L2; FCC structure, with 92.3% and 7.3% for the B2-BCC structure. The coercivity shows an
irregular tendency regarding temperature, where the two flipped points, when tendency
is changed, are detected. The existence of a B2 disordered structure can explain the mis-
matching of FC and FH magnetization curves and the anomalous coercivity tendency with
temperature. By increasing the externally applied field, the effect of disordered the B2
microstructure is totally suppressed and uniform magnetic behavior is seen for applied
magnetic fields higher than 1 kOe. Future investigations are needed due to study the effect
of high-ordered microstructures on different physical properties. The outcoming result
reveals the promise of Co,MnGe, with high-spin, polarized and L2;-ordered structure, in
multifunctional thermomagnetic application.
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