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esearch on the electromagnetic

properties of metallic MnSi has at-

tracted great attention in recent
years with regard to the non-Fermi liquid
behavior as well as its interesting applica-
tions. Behavior of electrons in metal is one
of the key topics in condensed matter phys-
ics, and most of them can be explained
well by the Landau—Fermi liquid theory.!
Anomalous electron behavior has been,
however, observed in some materials in-
cluding high-temperature superconductor,?
and the origin of this non-Fermi liquid be-
havior remains controversial.

MnSi has a B20-type simple cubic crys-
tal structure without space inversion sym-
metry, leading to itinerant helimagnetic or-
der below low temperature of about 30 K by
Dzyaloshinski—Moriya (DM) spin—orbit in-
teraction.? In particular, the electrical resis-
tivity of MnSi shows anomalous tempera-
ture dependence above certain pressure (P,
= 14.6 kbar), which has been widely inves-
tigated for clear understanding of non-
Fermi liquid behavior.* 8 Temperature de-
pendence of heat capacity of MnSi has been
recently reported,’ suggesting that MnSi is
one of the novel and economic magnetoca-
loric materials showing temperature
change under applied magnetic field. Other
types of Mn—Si alloys also have been at-
tracting much interest because of their
complex structural diversities and intrigu-
ing physical properties. A group of semicon-
ducting MnSi,_, distinguished as higher
manganese silicides (HMS) is regarded as
promising candidates for possible applica-
tions in spintronics, thermoelectrics, and
silicon-based optoelectronics.’ 3

It isimportant to synthesize MnSi in one-
dimensional nanowire (NW) form because
of the following reasons. First, making a per-
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ABSTRACT We report the synthesis of free-standing MnSi nanowires via a vapor transport method with no

catalyst and measurements of their electrical and magnetic properties for the first time. The single-crystalline MnSi

nanowire ensemble with a simple cubic (B20) crystal structure shows itinerant helimagnetic properties with a T

of about 30 K. A single MnSi nanowire device was fabricated by a new method using photolithography and a

nanomanipulator that produces good ohmic contacts. The single-nanowire device measurements provide large

(20%) negative magnetoresistance and very low electrical resistivity of 544 p€2cm for the MnSi nanowire.

KEYWORDS: nanowires - transition metal silicides - MnSi -
nanodevices - magnetic materials

single crystalline -

fectly single-crystalline NW without de-
fects, dislocations, or grain boundaries is
easier than the perfect bulk crystal form.
Such perfectly single-crystalline NWs are in-
dispensable for clear understanding of vari-
ous physical phenomena as well as for ap-
plications. Perfectly single-crystalline MnSi
NWs, particularly, may provide a hint to elu-
cidate the non-Fermi liquid behavior that
has not been clearly understood so far by
the study of their physical properties. Sec-
ond, in the application fields of spintronics,
photovoltaics, and thermoelectrics, fabrica-
tions of the nanodevices with improved ef-
ficiency would become possible by employ-
ing NWs."~17 Third, NWs often reveal
interesting physical properties different
from those of their bulk counterpart. For ex-
ample, CoSi NW shows ferromagnetic prop-
erties in contrast to the diamagnetic CoSi
in bulk.'®

Recently, synthesis of HMS NWs has
been reported. Higgins et al. synthesized
Mn;oSiz3 NWs by a MOCVD method and re-
ported it as a first example of Nowotny
chimney ladder (NCL) phase NW." Ham et
al. also synthesized semiconducting Mn,Si;
NWs that are ferromagnetic with higher T,
of 120 K than the bulk form (T, = 40 K).2°

Herein we report the synthesis of free-
standing single-crystalline MnSi NWs by a
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Figure 1. (a) Representative SEM image of MnSi NWs. (b) XRD pat-

tern of the MnSi NWs on silicon substrate. The asterisks in panel b
indicate the peaks from MnSi, ; film.

vapor transport method and measurements of electri-
cal and magnetic properties of the NW for nanoscale
device applications. The MnSi NWs show itinerant heli-
magnetic order with T, of about 30 K and metallic prop-
erties with very low electrical resistivity of 544 pQcm.
A single MnSi NW device for the measurements was
fabricated by a novel method employing photolithog-
raphy and nanomanipulator to produce good ohmic
contact between the NW and electrode. Measured mag-
netoresistance (MR) shows a large value of about 20%
around T.. Single-crystalline MnSi NWs may provide op-
portunities to investigate complex physical phenom-
ena in detail and to develop high-efficient NW-based
devices such as nanospintronics or a nanoscale mag-
netic refrigerator.

RESULTS AND DISCUSSION

Morphology, Structure, and Growth Mechanism. Representa-
tive field emission scanning electron microscopy
(FESEM) image in Figure 1a shows MnSi NWs with
straight morphology and lengths of tens of microme-
ters. The SEM and transmission electron microscopy
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(TEM) images (Figure 2) clearly show the NWs with a
clean and smooth surface and a diameter of 70—150
nm. X-ray diffraction (XRD) spectrum in Figure 1b shows
a typical pattern of the MnSi NWs. Observed peaks in
the spectrum were successfully indexed to the cubic
B20-type MnSi with a lattice constant 4.556 A (space
group P2,3, JCPDS card no. 81-0485). Interestingly, we
observed peaks from MnSi; 7, as denoted with asterisks
in Figure 1b. The MnSi; ; peaks, one of the HMS, could
have been from the MnSi, ; film formed on the Si sub-
strate before the growth of MnSi NWs. XRD measure-
ment for the sample in which only the film was synthe-
sized without NWs showed only the MnSi; ; peaks. We
provide cross-sectional SEM images of the NW/thin film
interface in Figure S1 (Supporting Information). Such
film growth has been observed often in the synthesis
of silicide NWs, where the NWs could grow on the thin
film through the diffusion of precursor atoms.?'?? In the
beginning stage of precursor evaporation, the degree
of supersaturation of Mn precursor can be high, and
thus the Mn precursor produces a silicide film on a Si
substrate prior to the MnSi NWs growth. When the de-
gree of supersaturation gets lower as the precursor
evaporation proceeds, the MnSi NWs can grow on the
silicide film.232* Because the Si substrate under the film
supplied Si atoms continuously to the film, the film
would have Si-rich elemental composition of MnSi; ;. A
large unit cell of the tetragonal MnSi; ; tends to prevent
formation of ultrathin film on a Si substrate,? as we ob-
served thick film on the Si substrate in this experiment
(Figure 3c).

To characterize the chemical composition and crys-
tal structure of a single MnSi NW, we carried out energy-
dispersive X-ray spectrometry (EDS), high-resolution
TEM (HRTEM), and selected-area electron diffraction
(SAED) studies. Figure 2a shows the TEM image and
SAED pattern obtained from a representative MnSi NW.
The diffraction pattern of the NW shows a regular spot
pattern, confirming the single-crystalline nature of the
NWs. The spots can be fully indexed to the cubic B20-
type MnSi and demonstrate that the NW growth is
along the [110] direction down the [111] zone axis. Fig-
ure 2b shows a HRTEM image of a 70 nm diameter NW
with clear lattice fringes, confirming again the single-
crystallinity. The lattice spacing of the plane was mea-
sured to be 0.32 nm, agreeing well with the spacing of
the (110) plane of a cubic MnSi structure. The two-
dimensional fast Fourier transform (FFT) of the lattice
resolved image obtained from the HRTEM (inset in Fig-
ure 2b) can also be indexed to a cubic B20 MnSi struc-
ture. Figure 2¢ shows a TEM-EDS spectrum of an indi-
vidual MnSi NW. The analysis of a TEM-EDS spectrum
confirms that the NW contains only Mn and Si in about
1:1 atomic ratio (the peak for Cu is from the grid). More-
over, detailed EDS study from the tip and the stem of a
single NW does not show significant deviation from
the 1:1 atomic ratio. HRTEM image confirmed that the
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NWs. For example, CoCl, and Fel, precursors
directly react with Si substrate at high temper-
ature to form CoSi and FeSi NWs,
respectively.’82527 |n this work, MnSi NWs were
synthesized by the direct reaction of MnCl, va-
por with a Si substrate that plays a dual role
as a source of Si and a substrate where the Mn
precursor vapor condensates to form silicide
NWs. For the possible MnSi NW growth mech-
anism, vapor—liquid—solid (VLS) growth is un-
likely because no catalyst metal particles or
Sy ‘ thin films are employed in the synthesis. In ad-
dition, the SEM and TEM images in Figures 1
and 2, respectively, do not show the presence
of any metal catalyst on the NW tip. Hence, we
suggest that the MnSi NWs are grown by a
vapor—solid (VS) growth mechanism. Al-
though VS growth mechanism has not been
fully understood yet, it has been generally ac-
cepted that the concentration of precursor va-

por plays an important role during the nucle-
Figure 2. (a) TEM image and SAED pattern of MnSi NW. The SAED ti d th of silicid
pattern is indexed for a simple cubic MnSi NW down the [111] zone ation and growth ot silicide
axis. (b) HRTEM image. The labeled distance of 0.32 nm corresponds ~ Nanostructures.”® 3¢ We also find that the va-
to the (110) plane, and the arrow shows the [110] growth direction.In-  nor pressure of the Mn precursor is a very criti-
set in panel b shows two-dimensional fast Fourier transform (FFT) | factor in the MnSi NW th. Wh .
from the HRTEM. (c) TEM-EDS spectrum of an individual MnSi NW. cal factor in the Vinol S growth. enel
ther the temperature of the precursor heating

MnSi NWs are surrounded by an amorphous silica layer  zone or carrier gas flow rate was increased, leading to

less than 4 nm thick (Supporting Information, Figure the higher vapor pressure of the Mn precursor, MnSi mi-
S2). crostructures were produced instead of MnSi NWs (Fig-
Recently, metal halide precursors have been used ure 3a). The XRD data in Figure 3b and a cross-sectional
extensively for the synthesis of various metal silicide view of the MnSi microstructure/MnSi, ; thin film inter-
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Figure 3. (a) SEM image of MnSi microstructures. (b) XRD pattern of the MnSi microstructures in panel a. (c) SEM image of
the MnSi; ; film. Inset shows the magnified SEM image of the MnSi; ; microstructures. Scale bar is 2 um. (d) XRD pattern of
the MnSi, ;7 film and microstructures in panel c. Asterisks in panels b and d indicate peaks from MnSi, ;.
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Figure 4. (a) Plot of M vs T obtained from MnSi NW ensemble
at applied field of 1000 Oe. Red squares and blue squares rep-
resent the FC and ZFC data, respectively. (b) Plot of M as func-
tion of H obtained from the MnSi NW ensemble at 2 K. Red
and blue dashed lines are a guide to the eye, which reflect two
different magnetic behaviors. The inset shows a plot mea-
sured at 300 K.

face show that MnSi microstructures were grown on
the MnSi, ; film, as were MnSi NWs (see Figure S1 in
Supporting Information). In addition, only the film struc-
ture could be observed when the temperature of the
substrate was increased by 100 °C, and microstructures

3F
At 300 K

-3 .
-10 -5 0 5 10
H(kOe)

were grown at lower pressure of 100—500 Torr (Figure
3c). We found that both the film and microstructures
were a tetragonal MnSi; ;. This could be caused by
subtle increase in the degree of supersaturation as a
consequence of change in temperature or pressure. Our
experimental results are in accordance with previous re-
ports in which high degree of supersaturation induces
the growth of bulk crystals or film.37~40

Magnetic Properties. Detailed magnetic properties of
the as-grown MnSi NW ensemble on a Si substrate
have been studied by using a superconducting quan-
tum interference device (SQUID) magnetometer. Figure
4a displays the temperature-dependent magnetization
M(T) curves measured under an applied field of 1000
Oe after zero-field cooling (ZFC) and field cooling (FC).
Note that the M(T) curves display two different mag-
netic behaviors showing T. of about 30 K (T;) and of
over 300 K (T,,), respectively. The T, of about 30 K is
consistent with the T, of bulk MnSi with a B20 simple
cubic crystal structure. The transport measurement on
the single MnSi NW device verified that T originates
from a MnSi NW (Figure 7). However, the T, observed
to be above 300 K is interesting because such high T,
has not been observed in any Mn—Si alloy yet. The
magnetization as a function of magnetic field (Figure
4b) also shows a similar result to that of the M(T) curve.
The M(H) curve at 2 K indicates two different ferromag-
netic behaviors represented by red and blue dashed
lines, respectively. At 2 K, both ferromagnetic compo-
nents affect overall magnetic properties because the
temperature is lower than T,; of about 30 K. However,
at 300 K, which is higher than T, only one ferromag-
netic behavior was observed because the material with
Ta1 of 30 K (MnSi NW) becomes paramagnetic at 300 K,
as shown in the inset of Figure 4b. To verify that ferro-
magnetism at room temperature is induced by the Mn-
Siy7 film and not by MnSi NWs, we obtained the M(H)
curve shown in Figure 5 only from the film after remov-
ing all MnSi NWs by a sonication process. This M(H)
curve is almost identical to the result for the MnSi NW
ensemble grown on the film at 300 K (inset of Figure
4b). For CoSi NWs, strong ferromagnetic properties
were induced when diameters are less than 30 nm due
to high percentage of surface Co atoms.'® However, the
surface effect on the ferromagnetism of MnSi NWs
would be quite low because their diameters are ~100
nm. We obtained the M(H) curve at 40 K to check pos-
sible contribution from ferromagnetic Mn oxides, such
as MnO (T, of ~50 K) and Mn;0, (T, of ~40 K).*“2 Most
of other Mn oxides and metallic Mn are antiferromag-
netic.2’ The M(H) curve at 40 K showed a single ferro-
magnetic behavior (Supporting Information, Figure S3),
as was observed at 300 K. Contribution from ferromag-
netic Mn oxides to the observed magnetic properties of
a MnSi NW ensemble thus can be excluded.

Device Fabrication and Transport Properties. Transport

Figure 5. Plot of M as function of H obtained from the MnSi; ; film
at 300 K.
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studies and MR measurements have been carried out
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Figure 6. Schematic illustrations (cross-section view) for the fabrication process of a single MnSi NW device. To block Au
diffusion and isolate the NW from the substrate, nitride and oxide layers were initially deposited on the silicon substrate fol-
lowed by photoresist patterning as shown in panel a. The nitride layer was etched for the NW alignment and to allow three-
dimensional ohmic contact between the NW and an electrode (panel b). After removing the photoresist (panel g, optical mi-
croscope image), a MnSi NW was positioned by a nanomanipulator between two pad areas (panel c). The photoresist was
patterned again, and Au was evaporated on top of the wafer (panels d and e). Finally, the photoresist was lifted off in an ac-
etone solvent (panel f). The NW is wrapped three-dimensionally by a Au electrode (panel h).

on a single MnSi NW. The device for the measure-
ments was prepared by a novel method using a photo-
lithography technique and a nanomanipulator follow-
ing the process shown in Figure 6. Although we tried
several times to fabricate the device using a standard
e-beam lithography technique, it was difficult to form
ohmic contacts between the NW and electrodes due to
an amorphous silica layer covering the MnSi NW. For
our new method applied in this work, however, NW is
three-dimensionally wrapped with an electrode ma-
terial whereas the electrode is two-dimensionally cov-
ered in the standard e-beam lithography technique,
thus this new method facilitates the formation of ohmic
contact after further treatment resulting from an in-
creased contact area between the NW and electrode
(Figure 6h).

Figure 7b shows a linear behavior of
current—voltage (/—V) curve for a single MnSi NW de-
vice fabricated by this new method. The resistivity mea-
sured at room temperature is found to be 544 pQcm.
The higher resistivity than a bulk value (220 pnQcm)* is
ascribed to the contact resistance between the NW
and electrodes due to the two-probe configuration. Fig-
ure 7c shows the temperature-dependent resistance
measured under external magnetic fields. A peak of
dR/dT around 30 K is induced by the carrier scattering
from spin fluctuations near T. and agrees well with the
result for bulk MnSi.? Furthermore, we observed a resis-
tance change under external magnetic fields, ascribed

METHODS

Growth of MnSi NWs. Metal halide precursor is evaporated and
transported to the higher temperature zone by a carrier gas,
where decomposition of metal halide and reaction with the pre-
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to suppression of the scattering by the external mag-
netic field. The temperature-dependent MR, defined as
MR = [R(9T) — R(0T)]/R(0T), was measured under exter-
nal magnetic fields and shows a large negative value of
—20% near T, at an applied field of 9 T (Figure 7d).
The observed temperature dependence of the mag-
netic properties of a MnSi NW indicates that the NW
has the same itinerant ferromagnetic properties as bulk
MnSi® and confirms again that T, of about 30 K ob-
served in the SQUID measurement originates from MnSi
NWs. The newly synthesized single-crystalline MnSi
NWs would provide opportunities for fundamental re-
search as well as for NW-based applications such as
magnetocaloric effect.

CONCLUSION

We synthesized single-crystalline free-standing MnSi
NWs by the vapor transport method for the first time.
Magnetic measurements of the MnSi NW ensemble
show two different ferromagnetic properties with T,
of about 30 K and T, of over 300 K, respectively. From
the transport measurements of a single MnSi NW de-
vice, we found that MnSi NWs show itinerant helimag-
netic properties with T.; of about 30 K and conjecture
that T, of over 300 K is from tetragonal MnSi, ; film
formed on a Si substrate. The single MnSi NW device
we fabricated here shows a very low electrical resistiv-
ity of 544 nQcm and a large negative MR of —20% near
T. of about 30 K.

heated silicon substrate occurs. Typically, MnSi NWs with a na-
tive oxide layer were synthesized on Si(100) substrates. The sub-
strates were placed in the downstream zone in a conventional
two-zone horizontal hot-wall furnace. Anhydrous MnCl, precur-
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Figure 7. Electrical and magnetic properties of an individual MnSi NW. (a) SEM image of the MnSi NW device. Inset shows a magnified
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sor (0.05 g, 99.999%, Sigma-Aldrich) was placed in an alumina
boat in the upstream zone. The temperatures of the two zones
were independently controlled. The system was purged with Ar
gas for 30 min before each reaction for an inert atmosphere. The
Ar flow rate of was about 200 sccm to synthesize the NWs. The
substrates were placed at ~20 cm (d value in Figure 8a) from the
precursor position in the downstream zone. The Ar gas trans-
ported precursor vapor produced at 800 °C to the downstream
zone at 950 °C, where MnCl, decomposed and reacted with the
Si substrate to form free-standing MnSi NWs. The reaction time
was about 5 min (Figure 8b).

Device Fabrication of a Single MnSi NW. A thin oxide layer (SiO,) of
10 nm and nitride layer (SisN4) of 50 nm were thermally grown
and deposited by low-pressure chemical vapor deposition
(LPCVD), respectively, on a (100) Si wafer. Afterward, photore-
sist (AZ2035, AZ Electronic Materials) was patterned by photoli-
thography (Figure 6a and Table S1 in Supporting Information).
Subsequently, the nitride layer was partially etched by the wet
etchant of 50% diluted HF solution for 50 s with a 12 nm/min
etch rate. This partially recessed profile of the nitride will make
the NWs fully wrapped by the subsequent metal electrodes. We
reduced misalignment between the electrode and NW by the
protruded nitride alignment marker after the aforementioned re-
cess process. After removal of the photoresist (Figure 6g), the
NW was positioned at the designed area by a nanomanipulator
(Figure 6¢). Nanomanipulator (SFS-H60XYZ, Sigma Koki), which
can travel about 25 mm with a minimum increment of 1 nm, is
a mechanical system to handle a nanometer-scale object in real-
time using the attractive van der Waals force between the tip
of the nanomanipulator and the object. The manipulator ren-
ders motions in x, y, and z directions, providing various manipu-
lation freedoms such as moving and bending. Then, as shown in

www.acsnano.org



Figure 6d,e, photoresist patterns were formed on the NWs again
by use of the same lithography conditions in Table S1. After-
ward, a thin gold of 150 nm was sputtered on the devices for
2.5 min with Ar flow rate of 25 sccm, pressure of 2.5 mTorr, and
power of 250 W (Korea vacuum). Thereafter, the photoresist pat-
terns were lifted off through dipping and sonication in an ac-
etone solvent for 10 min and 10 s, respectively (Figure 6f). The
fully wrapped MnSi NW devices were fabricated, as shown in Fig-
ure 6h.

Characterization. XRD patterns of the specimen were recorded
on a Rigaku D/max-rc (12 kW) diffractometer operated at 40 kV
and 80 mA with filtered 0.15405 nm Cu Ka radiation. FESEM im-
ages of MnSi NWs were taken on a Phillips XL30S. TEM and HR-
TEM images and SAED patterns were taken on a JEOL JEM-2100F
TEM operated at 200 kV.
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