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Novel microwires of composition MnBi were obtained by means of quenching and drawing technique having a
metallic nucleus of 50 um diameter. Phase distribution analysis showed a composite microstructure comprising
extensive zones of the ferromagnetic hexagonal MnBi phase (of up to 12 pm), interspersed within a matrix of dia-
magnetic Bi and some inclusions of pure Mn varying between 1 and 2 um in length. A coercive field in excess of
4000 Oe was measured. Coercivity mechanism is described in terms of nucleation of reverse domains, for which
the interface MnBi/Bi largely determines the hard magnetic response of the composite microwire.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Magnetic microwires prepared by quenching and drawing tech-
nique has been intensively studied since 20 years ago due to their re-
markable soft magnetic behavior, characterized by small coercivity H.
values (<1 Oe), high magnetic permeability (>10,000) and vanishing
magnetocrystalline anisotropy K; (=0 for amorphous alloys), as well
as properties of practical interest such as magnetomechanical and
giant magnetoimpedance effects [1-3]. These characteristics enable
them for an ample variety of potential applications such as micro- and
nano-electronics systems, miniaturized sensor and actuators [4]. Typi-
cally, these types of microwires include a metallic nucleus of variable di-
ameter ranging 1-30 um, covered by an insulating layer of pyrex glass
(2-10 pm thick) [5]. Base composition to obtain glass-coated
microwires with amorphous microstructure and soft magnetic response
includes combination of transition metals (Fe, Co, Ni) and metalloids
like B and Si. The strong chemical affinity between the transition
metal and the metalloid species promotes high glass forming ability
for these alloys and thus, the solidification of amorphous solids. Nano-
crystalline microwires with semi-hard magnetic response (H.
=~ 80 Oe) have also been reported for Fe-based compositions, as a con-
sequence of annealing process above 600 °C, which causes the precipi-
tation of a second crystalline phase (y-Fe) [6]. Microwires with
granular microstructure can also be obtained from immiscible elements
such as (Co, Fe, Ni) and (Pt, Au, Ag, Cu) [7,8]. These immiscible alloys ex-
hibit peculiar magnetic properties such as the giant magnetoresistance
effect associated with ferromagnetic nanoclusters embedded in a dia-
magnetic matrix [9]. Enhanced H, (about 100 Oe and above) are also
possible after recrystallization process [10,11]. Up to now, glass-coated
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microwires with hard magnetic behavior (i.e., with coercivity values
over 100 Oe) have not yet been reported.

On the other hand, research on hard magnetic alloys with rare earth-
free compositions has elicited a significant interest recently due to the
possibility for developing competitive permanent magnets alternative
to rare-earth based compositions such as NdFeB-based or SmCo
supermagnets. In particular, MnBi alloys with hexagonal P63/mmc
structure attracts attention due to their characteristic Low Temperature
Intermetallic Phase (LTIP) possessing a suitable combination of intrinsic
magnetic properties including high K; (of 1 x 107 erg/cm?), intermedi-
ate saturation magnetization Ms (7300 G) and high Curie transition T,
(of 345 °C).

A variety of methods have been explored for obtaining alloys with
LTIP, such as arc-melting, powder metallurgy, mechanical milling,
melt-spinning and induction furnace [12-15], for which coercive fields
varying within the range 50 Oe - 12,000 Oe were reported, alongside
saturation magnetization between 0.1 T and 0.7 T. In general, for all
these methods, a subsequent heat treatment is required to complete
the formation of the LTIP. A different approach based on metal-redox
method to synthesize single-domain MnBi nanoparticles stable in air re-
sulted in nanoparticles with average size below 300 nm, for which a re-
markable coercive field of 14,000 Oe was measured [16].

In this work, we exploit the specific characteristics of ultrafast fabri-
cation process, as quenching and drawing technique, to introduce novel
microwires with MnBi composition, as well as to explore and discuss
their hard magnetic response.

Initial ingots of Mng sBig 5 alloy were prepared by means of arc-
melting of elemental constituents in a titanium-gettered inert atmo-
sphere. The samples were remelted at least five times at temperatures
over 2500 °C to ensure chemical uniformity. From the master ingots,
pieces of glass-coated microwires were obtained by quenching and
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drawing technique with the following dimensions: 50 um diameter for
the metallic core, 18 um for the glass coating and variable lengths
from 2 to 4 mm up to 2-4 cm. Phase distribution analysis was carried
out by X-ray diffraction (XRD) using a Siemens D5000 diffractometer
with Co-Ka radiation (A = 1.7903 angstrom) and a step size of 0.020°.
Microstructural analysis was performed by a Field Emission Scanning
Electron Microscopy (FESEM) in a JEOL 7600F equipment. Magnetic
measurements were realized by Vibrating Sample Magnetometer
(VSM) in a MPMS system with a maximum applied field of 30,000 Oe
and variable temperature within the range 200 K-360 K.

Phase distribution analysis performed by means of X-ray
diffractograms (not shown) afforded the identification of two main con-
stituent phases: pure Bi and the LTIP-MnBi, according to ICDD files 044-
1246 and 03-065-8733, respectively. Segregation of pure Bi is favored
by the high cooling rate of the casting process, which hinders atomic dif-
fusion, as well as to the peritectic reaction through which the formation
of the LTIP occurs, which also promotes separation of atomic species.

Field Emission Scanning Electron Microscopy (FESEM) micrographs
are shown in Fig. 1a for the MnBi microwire. The use of backscattered
electrons allows one to identify three zones with different contrast,
and thus, variable chemical composition: dark precipitates dispersed
between gray and light gray zones. According to EDS data collected
from each zone, the corresponding phases are: pure Mn (dark precipi-
tates), LTIP-MnBi (gray zones) and pure Bi (light gray areas). LTIP

Fig. 1. FESEM micrograph for the MnBi microwire showing a) phase distribution
comprising Mn precipitates, LTIP-MnBi zones and pure Bi areas b) amplification of Mn
crystals showing faceted structure.

zones present lengths between 1.0 and 12.0 um, whereas Mn crystals
showed variable lengths within the range 1.0-2.5 pm. No inner inclu-
sions within LTIP zones are visible. The areas of pure Bi exhibit variable
extension, from 1.0 to 15.0 pm. The formation of well-defined Mn struc-
tures is evidenced in Fig. 1b, for which faceted crystals are clearly visible.

The hysteresis curve for the MnBi microwire is displayed in Fig. 2a,
for which the following magnetic properties were determined: maxi-
mum magnetization M,,, = 57.5 emu/cm’, remanence magnetization
M, = 27.3 emu/cm> and a noticeable coercive field H. = 4610 Oe. The
irreversible region reaches up to an applied field of around 15,000 to
2000 Oe. This combination of properties reflects the hard magnetic
character of the MnBi microwire.

The initial magnetization curve for MnBi microwire is displayed in
Fig. 2b, for which the steep slope at the onset of the curve, associated
to the initial magnetic susceptibility, can be interpreted as reflecting a
relatively easy displacement of domain walls within the magnetic LTIP
zones due to the absence of inner inclusions (i.e., pining centers), such
as described in Fig. 1. This feature suggests the nucleation of reverse do-
mains (after saturation) as the active coercivity mechanism for this
alloy.

Complementary measurements of the temperature dependence of
M, and H. are displayed in Fig. 3. The maximum magnetization de-
creases as the temperature T increases (Fig. 3a), whereas H. increases
for increasing temperature (Fig. 3b) due to the characteristic increase
of the magnetocrystalline anisotropy of the LTIP phase [17]. Though
the magnetic properties of present MnBi microwires lie within the aver-
age intervals reported for bulk or melt spun alloys, the fact that coercive
field increases with increasing temperature, together with their partic-
ular microsized cylindrical geometry, renders this material as an ideal
candidate for magnetic element of microsystems technology, for
which application of magnetic components includes sensors, passive
devices (such as inductors and transformers) and actuators based on
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Fig. 2. Magnetization curve for the MnBi microwire a) Hysteresis plot b) initial
magnetization curve.
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Fig. 3. Temperature dependence for a) maximum magnetization and b) coercive field of
the MnBi microwire.

magnetic interactions, such as attenuators, micro-relays, micromotors,
micropumps, and magnetic energy harvester [18].

Within the frame of the nucleation controlled coercivity mechanism,
the development of high values for coercivity field H, relies on the nu-
cleation field necessary for the onset of magnetization reversal taking
place at the interface of defects, non-magnetic grains or significant mis-
alignment between magnetic grains. According to Kronmiiller [19,20],
in order to incorporate the detrimental influence of microstructural de-
fects in real materials (point defects, grain boundaries, non-magnetic
phases) the equation for H. is given by

HoHe = MoHR ™otk —Negr (HoMs) 80
where HI'™ stands for the minimum nucleation field (HJ™ = K;/M), o

is a microstructural parameter representing the reduction of K at the
surface interfaces with non-magnetic regions and Neg is an average ef-
fective demagnetization factor describing the internal stray fields acting
on the grains. In order to fit experimental data of Fig. 3 with Eq. (1), it is
necessary to plot

5(T) 2)

where the left hand side corresponds to experimental data for H (T)
and My, (T) (Fig. 3), whereas the right hand side corresponds to the
temperature dependences of the intrinsic magnetic parameters K; and
M; for the MnBi LTIP reported in [17]. The fitting of experimental data
to expression (2) is shown in Fig. 4, for which a linear tendency is man-
ifested for the temperature interval 240-360 K.

From the fitting process, we obtain aix = 0.32 and Neg = 1.17 as the
slope and the ordinate intersection of the straight line. Very similar oy,
Neg parameters were reported for equivalent MnBi alloys characterized
by Kronmiiller et al. [21] (g = 0.3 Neg = 0.75) and Curcio et al. [22] (o
= 0.31 Neg = 2.01). According to Kronmiiller et al. [21], an o = 0.3 for
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Fig. 4. Fitting of experimental data for Eq. (1) (R? = 0.998).

nanostructured MnBi alloys implies a deteriorated surface region of
3.3 nm, where the magnetocrystalline anisotropy reduces in a signifi-
cant way yielding to low ppHy and hence, low poH,. values. The deviation
from linear tendency in Fig. 4 at low temperature (<250 K) reflects a
change of coercivity mechanism for wider domain walls (promoted by
reduced values of K; at low temperature for the LTIP [17]). This low tem-
perature deviation is also manifested at the M, (T) curve of Fig. 4, for
which other reports ascribe to a magnetic transition of the spin
reorientation-type [23-25].

In order to achieve materials with high coercive fields, it is necessary
to combine high magnetic anisotropy and a propitious microstructure.
For the present MnBi microwires, we have a considerable
magnetocrystalline anisotropy given by K; = 1.0 MJ/m> [25] whereas
the critical microstructure feature is the excess of Bi content which seg-
regates as a boundary phase separating ferromagnetic LTIP zones. This
matrix of diamagnetic Bismuth promotes the magnetostatic interaction
between LTIP areas, as suggested by the Henkel plot 6M (included as
supplementary material), for which only a negative portion of the
curve is visible, which is consistent with a predominant long-range in-
teraction of magnetostatic nature [26-29].

The onset of reversal of magnetization occurs at the MnBi-Bi/MnBi-
Mn interfaces, where a significant reduction of K; is expected due to
the non-magnetic nature of Bi as well as to the cubic crystal structure
of Mn. In addition, sharp edges of LTIP zones are also present (see
Fig. 1a), which in turn also favors the reversal of magnetization and
thus, a reduced coercivity value relative to the expected nucleation
field Hy = 2 K;/Ms = 30,800 Oe of the MnBi-LTIP. This Hy states a the-
oretical maximum coercivity for ideal materials (Brown paradox)
[19,30].

Hard magnetic properties were found for novel MnBi alloys in the
shape of microwires obtained by quenching and drawing technique,
characterized by a coercive field in excess of 4000 Oe for which a
nucleation-controlled mechanism was described. The presence of pure
Bi as non-magnetic phase interspersed among ferromagnetic LTIP re-
gions zones determines the development of the observed high coerciv-
ity of the studied microwires.
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