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n the recent decade, nanomaterials have

attracted great attention due to their

wide variety of morphologies, unique
properties, and potential applications in
electronic, optoelectronic, thermoelectric,
and piezoelectronic devices.'® Two ap-
proaches, top-down and bottom-up, have
been extensively utilized to form structures
in the nanoscale regime.”® Among them,
several high-aspect-ratio one-dimensional
nanostructures (such as nanowires and nano-
belts) possess outstanding physical pro-
perties with large surface-to-volume ra-
tios compared with bulk materials.”~'?
Thermally stable and low-resistivity metal
silicide nanowires have been widely used as
interconnects for Si-based nanodevices ow-
ing to the maturity of complementary metal-
oxide-semiconductor (CMOS) manufactur-
ing techniques and the high compatibility
with Si technology.*'* On the other hand,
several binary and ternary silicide nano-
wires, like CoSi, FeSi, MnSi, and Fe;_Co,Si,
were suggested to have unusual magnetic
behaviors with room-temperature (RT) ferro-
magnetism.'>~2' Therefore, ferromagnetic
transition-metal silicide nanowires could be
promising candidates in spintronic applica-
tions. However, the magnetic property of
silicide nanowires is usually very sensitive to
the measurement temperature. Appreciable
RT ferromagnetism in silicide nanowires are
difficult to achieve due to a significant decay
in magnetization with increasing temper-
ature.'®?' Several semiconductors doped
with 5% Mn were theoretically predicted to
be ferromagnetic with a Curie temperatures
(T.) greater than 300 K2 In the previous work
on dilute magnetic semiconductors (DMS),
achieved by small quantity of magnetic atoms

HUNG ET AL.

ABSTRACT
4 - : 0 :
l‘ Ctl.xx'\ln(i.IZSl Kest
=3 ==O==Fe  Mn Si
g —=—Fe, Mn_ Si
=-2
-4 ; y

100 150 200
T (K)

05750

High-aspect-ratio Fe;_,Mn,Si nanowires with room-temperature ferromagnetism were

synthesized by a chemical vapor deposition (CVD) method in one step. This is the first report

of ternary silicide nanowires using magnetic Mn ions to partially replace metal sites in the host

matrix. Here we report the excellent magnetic characteristics of Fe;_,Mn,Si nanowires, which

exhibit strong ferromagnetism at room temperature and high magnetoresistance (MR)

variation. As-synthesized Fe;_,Mn,Si nanowires show a hyperbranched morphology and a

spin-disorder behavior. The strong spin interaction in Fe;_,Mn,Si nanowires, induced by the

substitution of Fe sublattices for magnetic Mn ions, was revealed in the hysteresis loops. The

magnetization versus magnetic field (M—H) curves of Fe; ,Mn,Si nanowires are much less

sensitive to the temperature variation from 10 to 300 K than those of FeSi nanowires.

Remarkably, the excellent MR performance, —41.6% at 25 K with a magnetic field of 9 T, was

demonstrated in an individual Fe, ggMn, 1,Si nanowire.

KEYWORDS: silicide - nanowires - ferromagnetic - magnetic semiconductor -

spin-disorder - magnetoresistance

in substitution for the sublattice atoms of the
nonmagnetic semiconductor matrix, the DMS
could be a potential building block for
spintronics.”>~2° However, the low solubility
of magnetic dopants in the host structure
increases the difficulty for practical applica-
tions. As a result, the development of an ideal
material with considerable and stable ferro-
magnetism at RT is highly desirable.
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In our search for a suitable magnetic semiconductor,
Mn-doped FeSi nanostructures would be one of the
promising candidates, although their magnetic perfor-
mances have not been carefully studied yet. The
narrow band gap semiconductor FeSi was found to
exhibit metal—insulator transition behaviors.3**' On the
other hand, some of the same B20-type silicide alloy
compounds are of fundamental interest in magnetic
behaviors that would make them suitable for spintro-
nics. The unusual chiral magnet and Skyrmion lattice
were reported for the Fe;,Co,Si and MnSi systems323*
The large anomalous Hall-effect was also observed in
bulk Fe;_,C0,5i.*®*° Moreover, magnetic ordering was
revealed in bulk Mn; _,Fe,Si and Mn,_,Co,Si alloys under-
lying a critical doping concentration.>® These materials in
the nanoscale-size regime have been further investigated
in the transport properties or spintronic applications. For
instance, spin polarization measurement of Fe;_,Co,Si
NWs was carried out by Andreev reflection spectro-
scopy, and the signatures of conical helimagnetic
behavior were demonstrated with two-probe MnSi
naonodevices.">'®%* The unique symbol of the tempera-
ture-dependent magnetic resistivity is that the maximum
magnetoresistance (MR) does not occur at the lowest
temperatiure.>'%*” For bulk single-crystalline FeSi and
MnSi nanowires, the maximum MR were observed at 0.7
and 35 K, respectively.'>'®*” In crystallography, a contin-
uous solid solution of Fe;_,MnSi could be formed
by isostructural FeSi and MnSi in the overall regime.
Therefore, Fe,_,Mn,Si would be a ferromagnetic semi-
conductor with a high Curie temperature, and such
nanoscale material is believed to be a promising building
block for Si-based spintronic devices with fascinating
magnetic properties.

RESULTS AND DISCUSSION

To control the composition of Fe;_,Mn,Si nano-
wires, various ratios of the mixed source with
MnCl, and FeCl, powders were used similar to the
synthesis of Fe;_,C0,Si nanowires.'®?' The morphol-
ogy, phase identification, structural analysis, and
chemical composition of the reaction product were
characterized with SEM, grazing incident X-ray dif-
fraction (GIXRD), and transmission electron micro-
scope (TEM).

Figure 1a shows the typical top view SEM image of
Fep.ssMng.12Si nanowires with 40—80 nm in diameter
and tens of micrometer in length. The GIXRD spectra
(20 = 1°) of as-prepared Fe,_,Mn,Si and pure FeSi
nanowires are shown in Figure 1b. All peaks can be
ascribed to the FeSi phase (JCPDF file 38-1397). The
A(20) of 0.1° was obtained, indicating about 10% Mn
concentration in Fe;_,Mn,Si nanowires in the further
investigation of diffraction peaks at the higher angle in
(311) plane. Figure 2a is the low-magnification TEM
image of an individual nanowire with a diameter of
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50 nm. The surface oxide of silicide nanowires was
removed by dipping the nanowires into diluted hydro-
fluoric (HF) solution. For Fe;_,Mn,Si alloys, FeSi and
MnSi belong to the same structural type (space group
P2,3) with a lattice constant of 0.4487 nm (JCPDF file
38-1397) for FeSi and 0.4558 nm (JCPDF file 65-5272)
for MnSi. The magnetic Mn ion in substitution for the Fe
sublattice in Fe;_,Mn,Si (traditional metal site, hole-
doped) not only provides a localized spin but also acts
as an acceptor at the same time.>® The selected area
electron diffraction (SAED) pattern with the [111] zone
axis is shown in Figure 2b and can be ascribed to the
cubic B20 type Fe;_,Mn,Si phase. In addition, it de-
monstrates that the preferential growth of the nano-
wire is along the [011] direction. As shown in the high-
resolution TEM (HRTEM) image in Figure 2¢, the host
structure for the Fe;_,Mn,Si nanowire is single-crystal-
line without any linear or planar defects. If the
Fe;_,Mn,Si nanowire is considered as a perfect alloy
formed by FeSi and MnSi, the expected interspacing
for Fe;_,Mn,Si (101) planes would fall between 0.317
and 0322 nm. The corresponding d-spacing of
0.318 nm obtained from the HRTEM image for a typical
nanowire agrees well with the predicted values.

To further investigate the chemical composition in
the Fe;_,Mn,Si nanowires, the energy dispersive spec-
trometer (EDS) measurement was performed on sev-
eral individual nanowires in TEM. The EDS spectrum
shown in Figure 2d indicates the presence of only three
elements, that is, Fe, Mn, and Si, in the nanowire and
the C and Cu signals are from the copper holder and
the copper grid with carbon film windows. The atomic
ratio of ([Fe]+[Mn])/[Si] is close to 1, which is consistent
with the host structure of FeSi. The x value, the Mn
content in Fe;_,Mn,Si nanowires, is defined by the
formula [Mn]/([IMn]+[Fe]). The obtained average x value
of 13 nanowires using the EDS spectrum is 0.12 +
0.02. The TEM—EDS mapping is shown in Figure 3,
and the result suggests that the elements of Fe, Mn.
and Si are also distributed homogeneously within the
nanowire. FeSi and FeggsMngosSi nanowires were
acquired using different mixing weight percentages
of FeCl, and MnCl, powders. The corresponding data
(shown in Supporting Information, Figures S1 and S2)
about the structure analysis and atomic ratios of
nanowires were also obtained by SEM and TEM. The
SEM image in Figure S1 exhibits the hyperbranched
growth of Fe,_,Mn,Si nanowires, and the growth
morphology was also observed for the FeSi nanowires
of the B20 type structure3® The absence of metal
catalysts at the tips of nanowires suggested that a
vapor—solid (VS) mechanism was operating the self-
assembled growth of Fe;_,Mn,Si nanowires. Recently,
various metal halide or organometallic powders have
been used to synthesize a number of metal silicide
nanostructures vig a CVD method.'?2"*° At the setup
temperature in the downstream region, reactions of
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Figure 1. Morphology and structural analysis of as-grown Fe, ggMny 1,Si nanowires. (a) Top view SEM image of free-standing
nanowires that are 40—80 nm in diameter and tens of micrometers in length. (b) The GIXRD spectra (20 = 1°) of as-prepared
Fe,_,Mn,Si and pure FeSi nanowires. All peaks can be ascribed to the FeSi phase. The A(26) of 0.1° in the (311) plane was
obtained to indicate a concentration of about 10% Mn in Fe;_,Mn,Si nanowires.

(a) Fe,ssMn, ;,Si
e e ot |

~—

[011]

®(011)

®(110)

Intensity (a. u.)
;ZE 2

1 1 /|

0 1 2 "6 7 8 9 10
Energy (keV)

Figure 2. (a) Low-magnification TEM image of a
Feo.ssMng 1,Si nanowire. (b) SAED pattern with the [111]
zone axis is indexed for a single crystalline Fe,_,Mn,Si with
cubic B20 structure. (d) HRTEM image shows a d-spacing of
0.318 nm in agreement with the interplanar (011) spacing.
(e) TEM-EDS spectrum confirms the chemical composition
of a representative Fey ggMng 1,Si nanowire.

vapors of both metal halides and silicon substrates may
follow two possible pathways:

2(Mn, Fe)C|2(g) + 3Si) — 2Feq _ xMn,Si) + SiC|4(g)

SiCI4(g) + (Mn, Fe)CIz(g) — Fe; _ yMn,Si+ 3C|2(g)

The optimized temperature ranges for growing iron
monosilicide and manganese monosilicide nanowires
were reported to be 850—1100 °C and 875—950 °C,
respectively.'®?° Taking the experimental setup of our
CVD equipment into consideration, 850 °C was found
to be the optimal reaction temperature to grow high-
aspect-ratio and dense nanowires. The highest Mn
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Figure 3. TEM—EDS mapping for each element in a single
Feg 8sMng 1,Si nanowire. The result suggests that the ele-
ments of Fe, Mn, and Si are distributed homogeneously
within the nanowire.

concentration for Fe;_,Mn,Si nanowires was 12% in
our work, even if a mixed powder of MnCl,:FeCl, =9 in
weight ratio was used. In addition, a very low density of
MnSi nanowires could be synthesized if only MnCl,
powders were used as the precursor under the same
growth condition, as examined with SEM. In et al.
also reported the similar result in growing ternary
Fe,_,Co,Si nanowires.?’ Comparing to the quantity
of FeSi nanowires and MnSi nanowires in a unit area
from previous works, the FeSi nanowire density was
much higher than the latter. Therefore, the reason for
low Mn contents in our Fe;_,Mn,Si nanowires could be
because it is more difficult for the nucleation of MnSi
nanowires than that of FeSi nanowires. On the other
hand, the reaction temperature, which is a little lower
than before, may be a further reason for not readily
overcoming the growth barrier.'®

Although several studies of binary silicides have
been reported, especially in FeSi and MnSi, this is the
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first investigation on ternary metal silicide nanowires
as ferromagnetic semiconductor that was caused by
doping the magnetic Mn ion into metal silicide nano-
wires. MnSi nanowires were reported to show helimag-
netic behaviors with a Tc of about 30 K.'>'® FeSi
nanowires were demonstrated to display extraordinary
RT magnetic properties due to the spin interaction of
surface-induced dangling bonds.’®?° The Fe;_,Mn,Si
nanowires are of interest in studying the correlation of
the temperature-dependent magnetization with the
varied Mn contents. In addition, lightly Co-doped FeSi
and MnSi nanowires were reported to display unusual
helimagnetic behavior.">*® Figure 4 shows the sche-
matic plots of field-cooled (FC) and zero-field-cooled
(ZFC) magnetization for Fe;_,Mn,Si nanowires as
a function of temperature, M(T), characterized by
superconducting quantum interference device mag-
netometer (SQUID). The detailed magnetic character-
istics of FeSi NWs are summarized as follows: first, the
peaks were obviously found in both ZFC curves under
an applied field of 100 and 1000 Oe, respectively.
Second, the apparent shift between the two peaks of
ZFC curves was also displayed under different applied
fields. Third, FC and ZFC curves completely converged
above the freezing temperature (Tg, as marked in
Figure 4a) up to RT. Figure 4b shows several M—H
curves of the FeSi nanowires at 10, 100, and 300 K.
Furthermore, the magnetization (M) versus measure-
ment temperature (M—T) curves and M—H hysteresis
loops for FegosMngosSi and FegggMng1,Si nano-
wire ensembles are shown in Supporting Information
Figure S3 and Figure 3¢,d, respectively. Fourth, comparing
the ZFC curves for different Mn contents (0%, 5%, and
12%) using the same measurement parameter, the
broadened peak with a higher Mn concentration in-
dicates the existence of strong interactions in the
whole matrix. The freezing temperature of the FC curve
for Fe; _,Mn,Si NWs cannot be clearly distinguished. As
a result, the magnetization gradient in ZFC curves was
slight in the temperature range of 10—300 K. Such
material, possessing the several features as remarked
above, would be conceivably associated with spin
disorder in a nanowire system. On the other hand,
magnetic hysteresis loops of the as-synthesized
Fe;_,Mn,Si nanowires were observed explicitly. As-
sembled FeSi, Feg 9sMng sSi, and Feg ggMng 1,Si nano-
wires all demonstrate ferromagnetic characteristics
above RT. Typically, the magnetization of many ferro-
magnetic nanowire systems, such as FeSi nanowires,
was found to be extremely sensitive to the change in
entropy with temperature.'®?® However, the M—H
loops in Supporting Information Figure S3 and
Figure 4d illustrate the presence of strong spin inter-
action in the Fe;_,Mn,Si nanowires (x # 0) because
the M—H curves are almost identical at different
temperatures.
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It is necessary to carry out further quantitative
analysis to better reveal magnetic behaviors. The
coercive field (Hc) and residual magnetization (Mg)
were extracted from the M—H hysteresis loops on an
enlarged scale near the zero magnetic field. In Figure 5a,
Hc was observed to increase with Mn concentra-
tions. The intrinsic value of Hc/Hc, (Hc, denotes the
maximum Hc at 10 K.) was introduced to eliminate the
effect of diameter, length, and density of Fe;_,Mn,Si
nanowires with various Mn-content. Figure 5b
reveals the temperature-dependent Hc/Hc, of FeSi,
Fep.osMngsSi, and FegggsMng 1,Si nanowires, respec-
tively. The higher the Mn-contents of Fe;_/Mn,Si
nanowires, the more slowly the relative value of Hc/
Hc, decreases with increasing temperature. Teran et al.
has reported similar results in the ferromagnetic semi-
conductor system with a magnetic-field-induced fer-
romagnetic order.?” In addition, the RKKY interaction
could be the dominant spin interaction in DMS.>%28
Even though the influence of carrier—carrier interac-
tion is expected to decrease by static disorders in
thermodynamics, Fe;_,Mn,Si nanowires with higher
acceptor concentrations show a stronger exchange
coupling effect. These inferences were in agreement
with our results, indicating that FegggMng;,Si nano-
wires with the strongest spin interaction have the
highest thermal stability.

The electrical transport properties and MR behaviors
of an individual Feg ggMng 1,Si nanowire are shown in
Figure 6 panels a and 6b, respectively. The electrical
response of an individual nanowire was acquired with
a four-terminal device. The devices for transport mea-
surements were fabricated by defining multiple metal
contacts of 30 nm Cr and 120 nm Au with e-beam
lithography (EBL). The inset in Figure 6a shows the SEM
image of a typical nanowire device. The contact resis-
tance could be excluded using four-probe [—V mea-
surements. The electrical resistance was extracted from
the slope of the -V curve to estimate the resistivity.
The calculated resistivity of FegggMng 15Si nanowire is
0.41 +0.08 mQ-cm in average for 12 nanowire devices.
The value is close to the data reported in previous
studies for FeSi and MnSi nanowires.>?%*! The MR
measurements ranged between 2 and 200 K for a
single Fe;_,Mn,Si nanowire and were carried out at
various magnetic fields up to 9 T. The MR ratio is
denoted as MR = [Ry) — Ro)l/Ro), Where Ry and R
are the resistance at an applied field and zero field,
respectively. Recently, the MR features of transition-
metal silicide nanowires were discussed extensively.
Owing to the surface spin with the reduced coordina-
tion, the CoSi nanowire with a high surface-to-volume
ratio was found to exhibit ferromagnetic property at
RT. The negative MR effect (about —4% at 2 K with an
applied field of 9 T) was obtained in a single CoSi
nanowire device.” The maximum MR performance is
usually achieved at the lowest temperature. However,
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Figure 4. Magnetic properties of the as-grown Fe;_,Mn,Si nanowires measured by SQUID. (a) The freezing temperature T¢
denotes the corresponding temperature of the peak in the ZFC curve. The apparent peak shift between two ZFC curves was
also displayed under different applied fields. (b) The M—H curves of FeSi nanowires at 10, 100, and 300 K. (c) The temperature-
dependent magnetization of the Feg ggMn, ;,Si nanowires in FC and ZFC conditions under applied fields of 100 and 1000 Oe,
respectively. (d) The M—H curves of Fey ggMng 1,Si nanowires at 10 K, 100 K, and 300 K. The results also show that the M—H
curves are almost overlapping at different temperatures.
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Figure 5. (a) The schematic plots of H¢ as a function of Mn-concentration of Fe; _,Mn,Si nanowires at different temperatures.
(b) Hc/Hco vs T curves of FeSi, Feg o5Mng o5Si and Feg gsMng 1,Si nanowire ensembles. The coercive field (Hc) was obtained from
the partially enlarged M—H hysteresis loops near zero magnetic field.
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Figure 6. (a) The four-terminal measurement of an individual Fe, ggMny ;,Si nanowire device at RT. The inset is the SEM image
of a FepgsMny 1,Si nanowire device fabricated with a standard EBL process. The scale bar equals 2 um. The estimated
resistivity is 0.41 4= 0.08 mQ-cm from 12 nanowire devices. (b) MR vs H curves of a single Fe, ggsMng 1,Si nanowire operating at
various temperatures. The maximum MR value was obtained at 25 Kand 9 T.

MnSi and Co,SigsGegs nanowires were suggested to respectively.'®*? The maximum MR value (approxi-
have helimagnetic order and spin-glass like behavior, mately —5% at 35 K and 1.5 T for MnSi and —11.7%
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Figure 7. The temperature-dependent MR ratios for FeSi,
Feg.05Mng o5Si and Feg ggMng 1,Si nanowire. The MR vs Mn
content within Fe;_,Mn,Si nanowires plot is shown in
the inset. The maximum magneto-transport properties of
single FeSi, FegosMngosSi and FegggMng 1,Si nanowire
devices are —14.6%, —34.4%, and —41.6%, respectively.
Moreover, the MR ratios were found to increase with Mn
concentrations.

at 10—25 Kand 8 T for Co,Sip 5Geg 5) was not observed at
the lowest measured temperature.”>*? In addition, the
[-FeSi; nanowires were first reported to possess a max-
imum MR value (6% at 200 K and 9 T) above 77 K.** In our
case as shown in Figure 6b, it is significant to find the
unsaturated MR ratio of —41.6% at the field of 9 Tat 25 K.

Figure 7 shows the temperature-dependent MR of
an individual Fe,_,Mn,Si nanowire device with differ-
ent Mn contents measured in a quantum design
physical property measurement system (PPMS). The
MR reaches the maximum variation value at around
25 K with an applied field of 9 T. The inset in Figure 7
shows the plot of the MR versus Mn concentrations in
Fe;_Mn,Si nanowires at 25 K. The maximum MRs of
the individual FeSi, FeggsMngosSi and FegggMng 15Si
nanowire devices are —14.6%, —34.4%, and —41.6%,
respectively. The MR value of —41.6% is a new record
among silicide nanowires up to the present time.
(Detailed comparisons of MR behaviors are listed in
Table 1.) Furthermore, the MR signature of Fe;_,Mn,Si
nanowires shows a similar tendency with bulk single-
crystalline FeSi as with MnSi nanowires.'>'%” The MR
ratios were found to increase with Mn-concentrations
due to the enhancement of the p—d interaction.?” The
MR result is consistent in the SQUID data as mentioned
above and in several previous reports.3”** On the basis

EXPERIMENTAL SECTION

Free-standing and single-crystalline Fe;_,Mn,Si nanowires
were synthesized in a two-zone furnace through a CVD method.
To obtain different Mn/Fe atomic ratio for Fe;_,Mn,Si nano-
wires, we used a different mixed ratio of MnCl,/FeCl, (0, 5,and 9
in weight). The (001) silicon substrate was cleaned with 1%
buffered HF prior to loading into the downstream region of the
furnace. The front and back heating centers which were 20 cm
apart were heated from RT to 725 and 850 °C, respectively. The

HUNG ET AL.

TABLE 1. The Ferromagnetic Silicide Nanowires (Phase,
MR Ratio, Applied Field, Temperature) Are Compared
with the Present Work

phase MR ratio (%) applied field (T) temperature (K)
P-FeSi,*? 6 9 200
Feo.56C00 445> 8.7 9 2
MnSi2° —53 15 35
Mnsi?! -2 9 30
CoSi*? —4 9 2
(0,Sig Gy 5™ 117 8 10—25
Co,Si** —0.09 9 10
FeSi —146 9 25
Feo ggMng 125i° -6 9 25

“Values from the present work.

of the temperature-insensitive M—H curves below
300 K and the excellent MR behavior, Fe; _,Mn,Si nano-
wires with strong ferromagnetism are promising to be
applicable in Si-based magnetic nanodevices.

SUMMARY AND CONCLUSIONS

Free-standing and single-crystalline Fe; _,Mn,Si nano-
wires were synthesized in one step by using a two
hot-zone furnace through a spontaneous thermal CVD
method. The cubic B20 type Fe;_,Mn,Si phase was
verified by the HRTEM analysis and SAED pattern. The
Mn contents x in Fe,;_,Mn,Si nanowires were deter-
mined to be 0, 0.05, and 0.12 for three different ratios of
mixed precursors via the TEM-EDS analysis. For the first
time, we show ferromagnetic ternary silicide nano-
wires with the substitution of Fe with magnetic Mn,
and the magnetic behavior was systematically dis-
cussed. Room-temperature ferromagnetic property
and unique spin-disorder behavior of Fe;_,Mn,Si
nanowires were found with SQUID. The significant
influence of strong carrier—carrier interaction was in-
troduced to reduce the temperature sensitivity of the
magnetization. As a result, the field-dependent mag-
netization shows similar ferromagnetic behaviors with-
in the whole temperature range between 10 and 300 K.
The electrical transport and MR measurements were
carried out via the use of four-terminal devices.
The FeggsMng1,Si nanowire with a record high MR
value of —41.6% at 25 K and 9 T would be a promis-
ing candidate for application in Si-based magnetic
nanodevices.

reaction at atmospheric pressure was kept for 2 h with a
constant Ar flow of 150 SCCM (SCCM denotes cubic centimeter
per minute at STP), and then the furnace was cooled down to RT
slowly. The morphology and structural analysis of the reaction
product was carried out with a field-emission SEM (JEOL JSM-
6500F) and a GIXRD, respectively. The phase, chemical com-
position, and high resolution image of nanostructures were
obtained by using a 200 kV TEM (JEOL JSM-2010) equipped
with an EDS. The elemental mapping for a single nanowire was
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collected by TEM-EDS (JEOL JEM-3000F) with an accelerating
voltage of 300 kV. As-synthesized nanowires were dispersed on
a Si substrate with 100 nm SisN,4 and patterned by standard EBL
process to fabricate four-terminal devices. Before the deposi-
tion of 30 Nnm/120 nm of Cr/Au electrodes, the sample was
dipped into a diluted HF solution for 5 s and cleaned with D.I.
water for several times to remove the native oxide in the contact
region. Electrical transport properties at room temperature and
atmospheric pressure were measured by using Agilent B1500A
semiconductor device analyzer (SDA) with four-probe station.
The magnetic properties were characterized with a SQUID
magnetometer. The magneto-transport properties of Fe; ,Mn,Si
nanowires were collected with PPMS at various temperatures and
magnetic fields.
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