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Abstract: We studied the influence of annealing on the magnetic properties and microstruc-
ture of ultrathin (metallic nucleus diameter ~ 5 um, total diameter ~ 19 um) Heusler-type
NiMnGa glass-coated microwires prepared using the Taylor—Ulitovsky method. The as-
prepared NiMnGa microwires exhibit unexpectedly strong magnetic anisotropy, charac-
terized by a coercivity exceeding 3 kOe at room temperature. Furthermore, their Curie
temperature (I.) lies above room temperature. Additionally, a spontaneous exchange bias
of approximately 120 Oe is observed in the as-prepared sample at 100 K. Annealing the mi-
crowires leads to a decrease in coercivity, spontaneous exchange bias, and T values. Notably,
the annealing process shifts the T of the samples closer to room temperature, making them
more suitable for magnetic solid-state refrigeration applications. Moreover, the hysteresis
observed in the temperature dependence of magnetization for the samples annealed for
1 h and 2 h, along with the magnetic softening observed at around 260 K, is attributed to
a first-order phase transformation. The observed changes are discussed in the context of
internal stress relaxation after annealing, the nanocrystalline structure of both the as-prepared
and annealed samples, the recrystallization process, and the magnetic ordering of phases
identified in the as-prepared sample and those appearing during recrystallization. The glass
coating on microwires offers benefits like better flexibility and resistance to damage and
corrosion. However, it is important to recognize that this coating can substantially alter
the microwires’ magnetic characteristics. Consequently, precise control over the annealing
process is vital to obtain the specific martensitic transformation needed.

Keywords: Heusler alloys; glass-coated microwires; nanocrystalline; annealing; grain size;
martensitic transformation

1. Introduction

The study of magnetic materials that undergo thermoelastic martensitic phase transfor-
mations (TMPTs) has garnered considerable interest recently due to their distinctive and ad-
vantageous characteristics [1-6]. These materials display impressive attributes such as both
elastocaloric and magnetocaloric (EMC) effects [1,2,4,7-12], shape memory (SM) [13-18],
significant superelasticity (GS) [14-26], magnetic field-induced strain (MFIS) [1,2,12,16-22],
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and magnetoresistance (MR) [17,20]. Such extraordinary properties pave the way for a
wide range of potential applications across numerous domains [20,21,23-28].

The notable attention given to Ni-Mn-Ga Heusler alloys stems from their unique
ability to undergo a reversible, diffusionless phase transformation. This process involves a
structural change from a high-symmetry cubic austenite phase to a lower-symmetry marten-
site phase. As a result of this notable characteristic, Ni-Mn-Ga alloys possess several useful
functional capabilities, such as the magnetic shape memory effect (MSME), strain induced
by a magnetic field (MFIS), and the magnetocaloric effect (MCE) [12,21,29]. Conventional
shape memory alloys (SMAs) demonstrate remarkable reversibility in their shape changes
between austenite and martensite phases [12,29-34]. Triggered by variations in temperature
or stress, this property makes them ideal candidates for actuators, sensors, and energy
transducers requiring both high-frequency responses and significant recoverable strains.
The development of smaller SMA-based devices has fueled the requirement for SMA mate-
rials in miniature shapes like particles, wires, ribbons, films, and microstructures. However,
Ni-Mn-Ga alloys, which typically belong to the class of intermetallic compounds, suffer
from inherent brittleness [32—40]. A major drawback of this characteristic is the difficulty
that it creates for traditional fabrication processes like cold drawing or forging. While single
crystals display better ductility, their lengthy and segregation-prone production method
ultimately leads to a reduction in their performance capabilities [16,18,20,21,25,26].

The Taylor—Ulitovsky technique for producing Ni-Mn-Ga glass-coated microwires
presents a potential solution to the challenges associated with Ni-Mn-Ga fabrica-
tion [7,19,39—41]. This technique offers two key advantages: firstly, it facilitates the creation
of long glass-coated microwires, reaching lengths up to 10 km with diameters ranging from
0.1 to 100 pm [19,40-46]. Secondly, the glass coating enhances the mechanical properties of
the microwire brittle nucleus with a crystalline structure [47]. Moreover, these microwires
are especially well-suited for microactuator applications due to their cylindrical form,
which allows them to perform as thin wires. Recent studies underscore the versatility
of this technique, having successfully produced glass-coated microwires with a range of
chemical compositions and crystal structures [40-51].

Initial endeavors to synthesize Heusler-type glass-coated microwires with Ni-Mn-—
Ga compositions began approximately a decade ago [7,40,45]. Nevertheless, these early
efforts encountered obstacles. The evaporation of manganese during the manufacturing
process led to deviations from the desired chemical composition, and inherent internal
stresses prevented the anticipated martensitic transformation (MT) from occurring [7,40].
These internal stresses in glass-coated microwires are attributable to several elements,
including the continuous drawing of the wire, the rapid solidification of the metallic core,
and the difference in thermal expansion coefficients (CTE) between the glass coating and
the metallic alloy [48,51].

Recent research has explored new approaches to address these limitations. For in-
stance, martensitic transformation (MT) was detected in uncoated, thick Ni-Mn-Ga mi-
crowires following an annealing treatment [43]. In another study, X. Zhang et al. achieved
MT in Ni-Mn-In—-Co microwires, but only after stripping the glass coating [52]. Impor-
tantly, MT has so far only been observed either in uncoated microwires—which under-
mines a major advantage of the Taylor-Ulitovsky method—or in meticulously annealed
NiMnGa-based glass-coated microwires [19,53,54]. Thus, determining the ideal fabrication
parameters is essential to induce MT and fully harness the multifunctional properties of
Heusler-type microwires.

This research examines the martensitic transformation (MT) in ultra-thin Ni-Mn-Ga
glass-coated microwires (diameter < 6 pum) produced via the Taylor-Ulitovsky method.
Notably, post-annealing triggers a distinct MT at low temperatures and under weak mag-
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netic fields—a surprising result given the substantial nickel excess and prior evidence of
high-temperature MT in bulk alloys with similar compositions. Additionally, the study
analyzes how annealing temperature, duration, and the retention of the glass coating affect
the microwires” magnetic properties and Curie temperature.

2. Materials and Methods
2.1. Fabrication of Bulk NiMnGa Form

This research focuses on manufacturing slender, glass-coated microwires utilizing
the Ni-Mn—Ga alloy system. The fabrication process essentially comprises two primary
phases: initially, creating a bulk Ni-Mn-Ga alloy ingot, followed by transforming this
ingot into microwires (as illustrated in Figure 1a,b). The initial phase entails the careful
production of a NisyMny5Gays bulk alloy through arc melting. The synthesis process starts
with high-purity (99.99 wt.%) elemental powders of Ni, Mn, and Ga. To obtain the desired
NisoMny5Gaps composition, the powders are precisely weighed to maintain stoichiometric
accuracy. The measured mixture is then loaded into a high-temperature-resistant graphite
crucible, which is placed in an electric arc furnace chamber under a vacuum and argon
atmosphere. An electric arc is generated between the electrode and crucible, producing
extreme localized heat that melts the powder blend. To ensure complete liquefaction and ho-
mogenous mixing of all elements, the melting process is meticulously controlled. Following
the completion of melting, the electric arc is extinguished, and the molten metal is allowed
to cool progressively within the controlled environment. A uniform and homogenous
NispMnysGaps bulk alloy ingot is promoted via this controlled cooling. Additionally, the
ingot can be put through several remelting cycles to further improve its microstructural ho-
mogeneity and raise its overall quality. This stage involves multiple (typically five) melting
and homogenization cycles. Repeated remelting enhances the compositional uniformity
and helps refine the alloy’s grain structure. Following solidification, the Ni-Mn-Ga bulk
alloy ingot is characterized using various analytical techniques to evaluate its structural
and compositional properties. This quality control step is essential to verify the material’s
suitability for subsequent microwire production.

»

g ) W electrode (b) NizMnGa Ingot
B — k
2 g
5 1
Ee
= l. 'A | input
° == ¢ material
SR S
= =
a 11 & E 4
& . - s,
o TE———
& ARC furnace water cooling

(c) (d)

d: metallic nucleus diameter
D: total microwire diameter

Glass tube

N\ . Molten ingot
HF inductor
" Coolant jet

Rotating spool A8
with microwire - ~ Rotating spool

with microwire

(e) @

Pirex  Mfetallic Core

Step 2: GCMWs fabrication

Ni,MnGa-GCMWs

Figure 1. Illustration of the experimental facility and key steps involved in fabricating thin Ni,MnGa-
glass-coated microwires. Panels (a,b) show the ARC melting furnace and the resulting bulk alloy ingot.
Panel (c) depicts the Taylor—Ulitovsky method used for producing the glass-coated microwires, while
panels (d,e) provide schematic illustrations of the NipMnGa-based glass-coated microwires themselves.
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2.2. Preparation of NiMnGa Glass-Coated Microwires

Microwires covered with Duran glass coating were fabricated using the Taylor-Ulitovsky
technique described in detail elsewhere [51,55-59] (see Figure 1c—e). The Taylor-Ulitovsky
technique involves inserting the master alloy into a glass (e.g., Duran) tube, which is then
locally heated to soften the glass and melt the alloy. Subsequently, a glass capillary containing
the molten metallic nucleus is drawn, resulting in a composite microwire with a metallic core
and a glass coating. The microwires possess an overall diameter (D) of 19.7 um and a metallic
core diameter (d) measuring 5.2 pm. Energy-dispersive X-ray (EDX) analysis validated a
chemical composition of NissMny;Gapy (with an error margin of 0.5%). This composition
deviates from the intended stoichiometry [60], primarily due to the evaporation of manganese
during the initial ingot melting and subsequent microwire manufacturing stages, including
casting and drawing.

The as-prepared glass-coated microwires were encapsulated between two ceramic
plates and subjected to an annealing at 973 K for varying durations (1 h, 2 h, and 4 h) within a
vacuum environment (pressure P =2 x 1074 Pa). The heating rate employed was 10 K/min,
followed by furnace cooling. Following the annealing process, EDX analysis was performed
to assess how the annealing time might affect the chemical composition. The analysis
revealed a change in composition for the microwires annealed at 973 K: NisgsMny>Gayy for
1 h, Ni53Mn21Ga26 for 2 h, and Ni55Mn20.5Ga24.5 for 4 h.

2.3. Structural and Magnetic Characterization Methods

X-ray diffraction (XRD) measurements were performed at ambient temperature utiliz-
ing a Bragg-Brentano geometry diffractometer (Bruker D8 Discovery, Bruker AXS, Karl-
sruhe, Germany) with monochromatic Cu Ka radiation (A = 1.5406 A). A bundle of parallel
microwires was carefully arranged and fixed onto a sample holder. This assembly, rather
than a coil, was then placed under the X-ray beam in the Bragg-Brentano geometry diffrac-
tometer. Scans were acquired in a 0-20 configuration with an angular step size of 0.02°
over the 20 range of 0-80°. Magnetic characterization was conducted employing a Quan-
tum Design Physical Property Measurement System (PPMS) integrated with a vibrating
sample magnetometer (VSM). Temperature-dependent magnetization measurements were
executed under an axial magnetic field of 50 Oe across the temperature interval 5400 K.
The measurement protocol comprised the following sequence:

e  Zero-field cooling (ZFC): The sample was cooled from 400 K (paramagnetic regime) in
the absence of an applied field.

e  Field-cooled (FC) measurement: Upon reaching 5 K, a static magnetic field of 50 Oe
was applied, and magnetization data were acquired during subsequent heating to
350 K.

e  Field-heated (FH) measurement: Maintaining the applied field, data collection contin-
ued during cooling and the subsequent reheating cycles.

All the temperature sweeps were performed at a constant rate of 2 K min~?.

Isothermal magnetic hysteresis measurements were additionally performed at discrete
temperatures between 5 and 300 K, with the applied magnetic field oriented parallel to the
microwire axis and swept to a maximum intensity of 30 kOe. For improved comparison
of the results, all magnetic data are normalized, presented as M/Mgat or M/Msk. Here,
Mgsat denotes the magnetic moment measured at the saturation field, while M5K refers
to the magnetic moment recorded at 5 K. The Curie temperature (T;) was determined
by finding the minimum point of the first derivative of the magnetic moment versus
temperature curves.
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3. Results
3.1. Structure Characterizations

X-ray diffraction (XRD) patterns of as-prepared glass-coated NiMnGa microwires
annealed at 973 K for various durations were obtained at room temperature. These XRD
patterns are presented in Figure 2. A prominent broad peak is observed in the low-angle
region of the XRD pattern at approximately 260 ~ 22°. This feature can be attributed to
the presence of the amorphous glass coating surrounding the NiMnGa nucleus. Similar
observations and interpretations have been reported elsewhere in the literature for mi-
crowires [30,59,61-64]. In all the wires, the austenitic cubic phase at room temperature with
an Fm-3m space group and L2; ordered structure was confirmed from the XRD patterns.
This agrees with our previous investigation in NiMnGa-based glass-coated microwires with
a larger metallic nuclei diameter [61]. Notably, there is the presence of a well-defined peak
corresponding to the (220) reflection at around 26 =~ 44° for the as-prepared sample. This
peak shifted toward the low angle by increasing the duration of the annealed temperature
(see the right inset of Figure 2). Such monotonic shifting of the (220) peaks is first reported
for the ultra-thin NiMnGa-glass-coated microwires. For the as-prepared sample, three
main peaks with reflections (220), (311) and (400) are observed at 20 ~ 44°, 48°, and 64°,
respectively. For the sample annealed at 973 K for 1 h, an additional peak at 26 ~ 24° with
refection (111) is observed. For samples annealed for 2 h, similar peaks and reflections are
observed for the as-prepared sample, while in the sample annealed for 4 h, a new peak
is observed at 20 ~ 36° with reflection (200), and the peak at 26 ~ 64° disappears. This
behavior can suggest a redistribution of elements (Ni, Mn, Ga) on the crystallographic
sites within the L2; structure, potentially affecting the degree of atomic order. Annealing
can promote atomic diffusion, leading to such reordering or even slight changes in the
site occupancy factors. Also, the observed monotonic shift of the (220) reflection towards
lower 26 angles with increasing annealing duration (as seen in the inset of Figure 2) indi-
cates an expansion of the L2 austenitic unit cell. The origin of this lattice expansion upon
annealing is likely multifactorial. Firstly, changes in the precise chemical composition of
the metallic nucleus during annealing can significantly influence the lattice parameters.
Our EDX analysis (Section 2.2) revealed alterations in stoichiometry with annealing time;
for example, the composition changed from NissMny;Gayy for the 1 h, NiszsMny; Gayg for
the 2 h, and NissMny( 5Gayg 5 for the 4 h annealed samples. Such variations, particularly
in the relative amounts of Ni, Mn, and Ga, which possess different atomic radii, can lead
to changes in the average unit cell volume. Secondly, the annealing process facilitates
the relaxation of internal stresses. These stresses are inherent in glass-coated microwires
due to the rapid solidification and the differential thermal expansion coefficients between
the metallic core and the glass coating. The reduction in compressive internal stresses
acting on the metallic nucleus would naturally allow for an expansion of its crystal lattice.
Therefore, the observed lattice expansion is attributed to a combination of these composi-
tional adjustments and internal stress relaxation occurring during the annealing treatment.
Additionally, a notable reduction in the diffraction intensity is seen as compared to the
as-prepared sample. Further increasing the annealing time resulted in a notable reduction
in the diffraction intensity being observed where the sample with an annealing time of 4 h
showed the lowest diffraction intensity. These reductions in the diffraction intensity are
due to the changing in the microstructure of the sample induced by the annealing process.
This changing in the XRD diffractions reveals the strong effect of the annealing time, ¢,
and temperature, Tann, on the microstructure of NiMnGa-based glass-coated microwires.
The XRD results for studied ultra-thin NiMnGa-based glass-coated microwire (d ~ 5.2 pm)
differ from those observed in NiMnGa-glass-coated microwires with d > 6 pm. Indeed, for
the NiMnGa-glass-coated microwires with thicker d or high geometric aspect ratios, the
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different secondary phase and different degree of ordered and disordered microstructure
are observed after annealing.
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Figure 2. Room temperature XRD patterns are presented for samples in their as-prepared state and
after annealing at 973 K and different annealing times (1 h, 2 h, and 4 h) of thin NiMnGa-based
glass-coated microwire. The right inset illustrates the monotonic main peak displacement toward
the low angle with increasing time of annealing, and the left inset illustrates the crystal structure of
L2;-type phase for standard Ni-Mn-Ga Heusler alloy.

The average crystallite size (Dg) of the samples can be estimated using the Debye-
Scherrer equation relating the broadening of a diffraction peak to the size of the crystallites
causing the diffraction and given as:

Dg = KA/(B cos(6)) 1)

K: Dimensionless Scherrer shape factor, typically taken as 0.9 for spherical crystals;

A: X-ray wavelength (0.154 nm for Cu K«; radiation);

B: Full width at the half maximum (FWHM) of the diffraction peak (in radians);

0: Bragg diffraction angle (corresponding to 20 ~ 22° for the measured peak).

The overall diffraction pattern represents the combined contributions from both the
crystalline and amorphous phases within the NiMnGa glass-coated microwire samples. The
relative amount of crystalline material, Cy, can be quantified by analyzing the integrated
intensities of the corresponding peaks, I, determined from the following equation [65,66]:

I
Cpc = —Dg
L+ 1, (0.1 4 6T>

@)

Here, I represents the integrated intensity of the crystalline component, I, is the in-
tegrated intensity of the amorphous peak, and 25 is a constant expressed in nm [67]. The
crystalline phase content, denoted as Cp,, for the as-prepared and annealed NiMnGa glass-
coated microwire samples can be determined by evaluating the total area under the relevant
diffraction features (encompassing both crystalline and amorphous contributions).

As presented in Figure 3, a significant increase in the Dg from 13 nm for the as-prepared
sample reached the maximum (Dg = 42 nm) for the annealed sample for tann = 4 h. For
Cpc estimation, the as-prepared sample shows a quite high CpC of about 85%. This value
increases towards 92% and 93% for the samples annealed for tann = 1 h and tann =2 h,
respectively. Then, a sharp drop to 86% in the Cp value for the annealed sample at 4 h
is observed. It is commonly assumed that the annealing typically promotes grain growth
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in NiMnGa alloys. Typically, after annealing the coarsening of existing grains, a decrease
in the number of grain boundaries is reported. This results in an increase in the average
grain size. In addition, this increasing in Dg value is due to enhanced atomic diffusion at
higher temperatures where the atoms achieve higher mobility to become agglomerated
with each other leading to larger crystallite sizes [60]. Moreover, the recrystallization of
the amorphous phase into the bcc phase should be associated with the increase in Dg by
increasing the annealing time [68-70].
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Figure 3. The average crystallite grain size and the crystalline phase content as a function of the
annealing time of NiMnGa-based glass-coated microwires.

However, a decrease in the Dg upon annealing has been previously reported in several
nanocrystalline materials [71]. As previously discussed, such unusual Dg decrease can be
explained either via the devitrification of the samples consisting of multiple nucleations
of small grains or decomposition of the unstable phase upon annealing [71]. In the latter
case, the recrystallization process can involve the dissolution of the unstable nanocrystal-
lites, with the formation and growing of more stable nanocrystals [71,72]. The significant
variation in the value of the nanocrystalline grain size can strongly affect the magnetiza-
tion behavior of the NiMnGa samples, which will be explained in the following sections.
While the primary trend observed from calculations, particularly through the application
of the Debye-Scherrer equation, indicates significant grain growth, it is also important to
acknowledge that other factors, such as microstrain within the crystallites, can influence
the peak profiles and broadening observed in the XRD patterns.

3.2. Magnetic Properties and Martensitic Transformation Behavior

Presented in Figure 4 are the thermomagnetic characterization data collected under a low
magnetic field of 50 Oe, spanning temperatures from 400 K to 5 K. The as-prepared sample’s
ZFC, FC, and FH curves exhibit significant noise due to the high coercivity value (H; ranging
from 3150 Oe to 420 Oe). However, a rather weak martensitic phase transition is observed in
the FC and FH curves measured with a high applied magnetic field exceeding 3 kOe. This
behavior is similar to that reported for as-prepared NiMnGa microwire with a small aspect
ratio [19] and NiMnGa microwires annealed at an elevated temperature [52].
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Figure 4. Zero-field-cooled (ZFC), field-cooled (FC), and field-heated (FH) magnetization curves
measured under an applied field of 50 Oe. (a) As-prepared NiMnGa glass-coated microwires;
(b—d) samples annealed at 973 K for (b) 1 h, (c) 2 h, and (d) 4 h, respectively.

For the samples annealed for 1 h and 2 h, the ZFC curve shows a steady increase in
magnetization as the temperature rises. The changes in slope observed at 90 K and 50 K,
respectively, can be attributed to the beginning of the martensite-to-austenite phase trans-
formation (Astart). The kinks in the ZFC curves at 233 K (Figure 4b) and 220 K (Figure 4c)
correspond to the completion of austenite formation (Agpsh)- For the samples annealed for
1 h and 2 h, above their respective structural transition temperatures (245 K and 235 K), a
Hopkinson peak is observed. This is followed by the Curie temperature (T;), measured
at 282 K for the 1 h annealed sample and 273 K for the 2 h sample. In the FC curves of
the annealed samples, a small kink is visible at 180 K (1 h) and 171 K (2 h), corresponding
to the Hopkinson maximum. Magnetization then increases further up to 166 K (1 h) and
152 K (2 h), indicating the martensitic start temperature (Mgtart). The drop in magnetization
at 85 K (1 h) and 77 K (2 h) signifies the completion of the martensitic transformation
(Mginish)- Additionally, the temperature hysteresis observed between the FC and FH curves
for the 1 h and 2 h annealed samples is characteristic of the martensitic transformation
(MT). Interestingly, the sample annealed for 4 h does not exhibit this temperature hysteresis
behavior (see Figure 4d).

As Figure 4 demonstrates, the annealing conditions have a significant impact on the
magnetic properties and martensitic transformation (MT) behavior of the studied NiMnGa
glass-coated microwires. Notably, the as-prepared sample exhibits a ferromagnetic ordering
with a Curie temperature (T¢) near room temperature. Annealing effectively shifts the
T. below room temperature and enhances the MT response. Conversely, the as-prepared
sample shows negligible MT behavior with a T; exceeding room temperature. Our previous
studies on NiMnGa glass-coated microwires with larger diameters compared to those in
the present study revealed that annealing shifted the T, above room temperature, and
the as-prepared samples displayed rather soft magnetic properties with minimal MT at
low fields.
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The martensitic transformation observed in samples annealed for 1-2 h represents
a diffusionless structural transition from a high-symmetry cubic austenite phase to a
low-symmetry martensite phase. This first-order transformation exhibits characteristic
temperature hysteresis, as clearly evidenced by the divergence between heating and cooling
curves in the M/M;K(T) dependencies (Figure 4b,c). Such hysteretic behavior results in
distinct temperature-dependent phase fraction evolution during the heating and cooling
cycles. The transformation temperatures (T. and Tys) are fundamentally governed by
the alloy’s chemical composition, particularly the valence electron concentration (e/a)
ratio [71-73]. This explains the remarkable sensitivity of both magnetic and MT properties
to subtle variations in microstructure and stoichiometry, as demonstrated by the 4 h
annealed sample where no significant MT occurs (Figure 4d). The absence of transformation
in this sample underscores how minor compositional or structural modifications can
dramatically alter the material’s phase transition behavior.

Additionally, internal stresses arising during the preparation of glass-coated mi-
crowires using rapid melt quenching of NiMnGa microwire inside the glass-coating with
substantially different thermal expansion coefficients can affect the microstructure and
hence the magnetic properties of Heusler-type microwires or thin films [7,60,74]. Accord-
ingly, internal stress relaxation through annealing can substantially affect the magnetic
properties of the studied Heusler-type NiMnGa microwire.

3.3. Hysteresis Loops

Figures 5 and 6 present the hysteresis loops (represented as normalized magnetiza-
tion, M/M5g, versus magnetic field, H) for NiMnGa microwires with a glass coating. The
measurements were performed at various temperatures ranging from 300 K (room temper-
ature) to 5 K for both the as-prepared sample and those annealed for different durations.
Intriguingly, the as-prepared sample exhibits unexpectedly high coercivity and remanence
from 300 K to 200 K (see Figure 5), suggesting a magnetically hard behavior. In contrast,
the hysteresis loops measured at the lowest temperature (5 K) for the annealed samples
reveal a very soft ferromagnetic character (see Figure 6). Additionally, the hysteresis loops
obtained at 300 K for the annealed samples exhibit pronounced paramagnetic behavior,
appearing nearly linear with minimal remanence and coercivity (see Figure 5). These find-
ings imply a significant relationship between the annealing parameters and the magnetic
characteristics of the NiMnGa glass-coated microwires. This connection is further under-
scored by the evident fluctuations in the Curie temperature (T,). Our data show that the
T, for the as-prepared sample exceeds room temperature, whereas the T, for the annealed
samples (irrespective of annealing time) is observed to be below room temperature. It is
widely recognized that the Curie temperature in NiMnGa alloys is acutely responsive to
elements like chemical composition, microstructure, fabrication techniques, and thermal
treatment [7,52,70,75-77]. Specifically, the documented range for the Curie temperature
within this alloy system spans from 160 K to 360 K. This sensitivity suggests that the
microstructure is a critical determinant of both the T, value and, as will be explored subse-
quently, the comprehensive magnetic behavior of the NiMnGa glass-coated microwires.

The H¢(T) (temperature-dependent coercivity) and M,(T) (temperature-dependent
remanence) dependencies for the as-prepared and annealed samples are provided in
Figures 7 and 8. The as-prepared sample shows the highest H, -values for all the measured
temperatures, where the highest H.-value (H. ~ 3150 Oe) is observed at T = 200 K and the
lowest H, ~ 420 Oe is observed at T = 5 K (see Figure 7a). The H.-value for the as-prepared
sample is 53 times higher than the H, for the annealed samples for 1 h and 2 h and 13 times
higher than for the annealed sample for 4 h measured at the same temperature (T = 200 K).
In addition, the H.(T) dependence is substantially affected by the annealing temperature
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and duration. For all the NiMnGa-based glass-coated microwires, i.e., as-prepared and
annealed samples, the H.(T) follows a monotonic increasing in its value by decreasing the
temperature from 300 K to 200 K. Then, a sharp drop in the H.-value with the T decreasing
below 200 K is seen in the as-prepared sample (see Figure 7a). Meanwhile, a monotonic
increasing in H; values by decreasing the temperature is observed in all the annealed
samples (see Figure 7b—d).

Regarding the M,(T) dependencies, the as-prepared sample shows more complex
M,(T) dependencies compared to the annealed samples. Two flip points at T = 250 K and
50 K are observed, where the M,(T) dependencies change (see Figure 8a). For the annealed
samples, similar M,(T) dependencies are observed for the samples annealed for 1 hand 4 h,
where monotonic increasing in the M,-values by decreasing the temperature from 300 K to
5 K is recorded (see Figure 8b,d). For the sample annealed for 2 h, two flip points are seen
at T =150 K and 20 K, where the M,(T) dependencies change tendencies. The M, and H.(T)
dependencies reveal the strong effect of the annealing condition on the magnetic behavior
of the studied NiMnGa-based glass-coated microwires.
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Figure 5. Hysteresis loops of as-prepared and annealed NiMnGa-based glass-coated microwires at
973 K for 1 h, 2 h, and 4 h measured at different temperatures: (a) 300 K, (b) 270 K, and (c) 200 K. M5k
is defined as “the magnetic moment recorded at 5 K”.
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Figure 6. Hysteresis loops of as-prepared and annealed NiMnGa-based glass-coated microwires at
973 K for 1 h, 2 h, and 4 h measured at different temperatures: (a) 100 K, (b) 20 K, and (c) 5 K. M5k is
defined as “the magnetic moment recorded at 5 K”.
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Figure 8. Illustration of how the in-plane remanence (M;) varies with temperature for NiMnGa-based

glass-coated microwires in their as-prepared state (a) and after annealing at 973 K for durations of

(b) 1h, (c) 2 h, and (d) 4 h. Lines are provided to help guide the viewer’s eye along the data.

Figure 9 presents the temperature dependence of the spontaneous exchange bias field

(Hgp) for both the as-prepared and annealed samples. The observation of Hgp is frequently

reported in NiMnGa alloys and is attributed to the coexistence of antiferromagnetic and

ferromagnetic phases at various temperature ranges [19,70]. Notably, our study demon-
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strates spontaneous exchange bias (observed even under zero-field-cooled, ZFC, protocol).
The Hgp-values are comparable to those found in other studies of NiMnGa microwires, but
such exchange bias was observed in field-cooled (FC) NiMnGa microwires [70].
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100+ 104
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Figure 9. Temperature dependence of the spontaneous exchange bias for as-prepared (a) and annealed
NiMnGa-based glass-coated microwires at 973 K for (b) 1 h, (c) 2 h, and (d) 4 h (lines for eye guide).

As illustrated in Figure 9, the as-prepared sample exhibits the highest Hgp-value, com-
pared to the annealed samples. Additionally, the Hgp exhibits a temperature dependence
with a distinct maximum around 100 K. For the annealed samples, the onset of sponta-
neous exchange bias appears below room temperature. Specifically, Hgp starts to appear at
200 K and 20 K in the samples annealed for 1 h and 2 h, respectively. Interestingly, the 4 h
annealed sample shows no observable spontaneous exchange bias. The Hgp-value for the
as-prepared sample is at least 40 times higher than that observed in the samples annealed
for 1 h and 2 h. As shown in Figure 9b,c, the Hgp(T) dependence exhibits a monotonic
increase for the 1 h and 2 h annealed samples, with Hgp increasing as the temperature
decreases from 200 K to 5 K and 20 K to 5 K, respectively.

Motivated by these remarkable observations of spontaneous exchange bias, we plan
to conduct further studies focusing on the conventional exchange bias behavior of these
samples in the near future.

4. Conclusions

This study demonstrates the successful fabrication of ultrathin (=5 um), long (up
to several meters), and flexible NiMnGa-based glass-coated microwires. The annealing
conditions were found to critically influence the magnetic properties of the microwires,
including hysteresis loops, temperature-dependent magnetization, and Curie tempera-
ture. Post-annealing—which facilitates internal stress relaxation, disorder reduction, and
recrystallization—revealed a hysteretic anomaly in the M/MsK(T) dependencies. Notably,
a distinct magnetic softening appeared near 260 K in samples annealed at 973 K for 1-2 h,
suggesting a first-order phase transformation.
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These findings are analyzed in relation to the nanocrystalline structure of both as-
prepared and annealed samples, with particular emphasis on the magnetic ordering of
phases before and after annealing. The flexible glass coating not only enhances the mechani-
cal durability of these otherwise fragile microwires but also provides electrical insulation—a
key advantage for practical applications. However, the glass coating also significantly im-
pacts the microstructure and magnetic behavior, underscoring the need for optimized
annealing conditions to achieve the desired martensitic transformation.

This work highlights the delicate balance between material processing and func-
tional performance, providing insights for the future design and optimization of Heusler-
type microwires.
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