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Intermetallic compounds containing transition metals and group III-V metals tend to possess strong correla-
tions and high catalytic activities, both of which can be enhanced via reduced dimensionality. Nanostructuring is
an effective approach to explore this possibility, yet the synthesis of nanostructured intermetallics is challenging
due to vast differences in melting points and vapor pressures of the constituent elements. In this work, we
demonstrate that this challenge can be overcome with thermomechanical nanomolding (TMNM), exemplified
by the synthesis of intermetallic Coln; and RhIn; nanowires. We show that TMNM successfully extrudes
single-crystalline nanowires of these compounds down to the 20-nm diameter range, and the nanowires remain
metallic with resistivity values higher than calculated bulk resistivity. We discuss possible effects of surface
roughness scattering, vacancy-induced scattering, and surface oxidation, on the measured resistivities of the
nanowires. For Coln; nanowires, the measured resistivity values are the first reported values for this compound.

DOLI: 10.1103/57rg-mxxh

I. INTRODUCTION

A perennial challenge in nanomaterials synthesis is the
challenge of combining elements with disparate vapor pres-
sures, diffusivities, and melting points to form high-quality,
single-crystalline nanostructures. Nanomaterials, such as
nanobelts or nanowires, are often synthesized via open-
environment growth techniques, such as chemical vapor
deposition or vapor-liquid-solid growth, where source mate-
rials are introduced as vapors, transported via carrier gas in
horizontal tubes, and deposited onto a substrate. This does
not always enable elements to come together to form a single
crystalline structure the way bulk synthesis methods allow,
especially when there is a large difference in the vapor pres-
sures and melting points of the constituent elements. Too
high a vapor pressure difference, for example, can cause self-
decomposition, as is the case for As in InAs;_,Sb, nanowire
growths, thus limiting their composition range [1]. On the
other hand, the low vapor pressure of Sb, relative to those of
In and Ga, can result in the formation of unwanted Sb crys-
tallites, as well as diffusion-altering surfactant and memory
effects [2,3], leading to uncontrolled stoichiometry [4] and
complicated reaction pathways [5] for the growths of indium
and gallium antimonide nanowires and epitaxial layers.

Fabricating intermetallic nanowires comprising elements
with disparate melting points, however, is potentially reward-
ing. Intermetallic compounds comprising transition metals
(such as Fe, Ni, Co, Rh, Ir, Ru, etc.) and group III-V
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metals (such as In, Ga, or Sn) give rise to strongly correlated
compounds with interesting properties. These include flatband
kagome metals (NizIn, CoSn, FeSn, etc.) [6,7] and intermetal-
lic semiconductors (FeGas, Rulns) [8,9]. Such compounds
also make good catalysts, notably for selective hydrogenation
(Colns, CoGaj) [10], water-splitting (IrIn,) [11], or lithium
deposition on lithium-based batteries (Colnz) [12]. Nanos-
tructuring provides an opportunity to study strong electron
correlations under reduced dimensionality [13] and to im-
prove catalytic properties via the maximization of active
sites [14].

One approach to overcome the synthesis challenge of
intermetallic nanowires is to employ closed-environment syn-
thesis techniques, where atoms are forced together to form
nanostructures in the solid phase. This concept is realized in
thermomechanical nanomolding (TMNM), in which interfa-
cial diffusion pushes atoms from a bulk feedstock into a mold
with nanoscale pores, enabling the extrusion of nanowires
therein [15-20]. This approach has been successful in syn-
thesizing single-crystalline intermetallic nanowires with high
aspect ratios and well-controlled diameters [15,16], and can
be an ideal approach to address the synthesis challenge of
fabricating nanowires of constituent elements with disparate
melting points.

In this work, we report the synthesis of single-crystalline
Coln; and Rhlnjz nanowires using TMNM. Colns and Rhlns
crystallize into the tetragonal, FeGas-type crystal structure,
with space group P4,/mnm [Figs. 1(a) and 1(b)]. The
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FIG. 1. Crystal structure and electronic band structure of Colns. (a) In the (001) projection a square-net motif (green lines) is formed by
indium atoms and surrounded by rhombic prisms with pairs of Co atoms on each side of an indium square. (b) The (110) projection shows
another motif of atomic arrangements in Colns. (c) Calculated electronic band structure of Colns reveals a small density of state at the Fermi

level, in proximity to a semiconducting band gap.

presence of Indium with its low melting point (156.6 °C) and
high vapor pressures, alongside Cobalt or Rhodium, which
have high melting points (1495 °C and 1964 °C, respectively),
makes these compounds good candidates for testing the vi-
ability of TMNM in overcoming vast differences in melting
points and high vapor pressures for nanowire synthesis. Fur-
thermore, Colny and Rhlnjs are predicted to be topological
Dirac semimetals [21], with RhInj experimentally shown to
exhibit a nontrivial Berry phase [22] and superconductiv-
ity [23]. Colnj also possesses desirable catalytic properties,
having been shown to promote homogeneous lithium depo-
sition in lithium batteries [12], as well as high hydrogenation
selectivity in the production of unsaturated alcohols [10]. Fab-
ricating nanowires of these intermetallic compounds would be
beneficial for the studies of their predicted topological states
as well as for the enhancement of their catalytic properties.

To that end, we have employed TMNM, or nanomolding,
to synthesize Colns and RhIns nanowires. The schematic in
Fig. 2(a) depicts the general working principle of nanomold-
ing: a bulk polycrystalline feedstock is first planarized
and polished to mirror finish and then pressed against a
nanoporous mold made of anodic aluminum oxide (AAO)
at elevated pressure and temperature [15,19]. This process
enables the atoms from the feedstock to creep up along the
nanopores by interfacial diffusion to form nanowires. The
length of the wires can be tuned by varying the molding tem-
perature, the pressure applied, or the duration of the molding
process, and their diameters can be tuned by selecting differ-
ent pore sizes for the AAO mold. As-molded wires can be
isolated from the AAO mold by wet chemical etching (details
in Supplemental Material, Sec. 2) followed by sonication for
further characterization.

II. RESULTS AND DISCUSSION

Using an indium-rich, polycrystalline Co-In alloy as the
bulk feedstock and an applied pressure of approximately
150 MPa at 350 °C for one hour, we extrude the Co-In alloy
into the nanowire shape, as captured by scanning transmission
electron microscopy (STEM). Figure 2(c) shows a cross-
section high-angle annular dark field (HAADF) STEM image
of the nanomolded sample, prepared by focused ion beam

(FIB), where the extruded nanowires are seen as nanopillars
standing on top of the bulk feedstock. The compositional
map [Fig. 2(d)], acquired by STEM electron energy loss
spectroscopy (EELS), clearly shows the diffusion of Co and
In from the feedstock into the pores to form nanowires.
The wires have diameters averaging 40 nm, consistent with
the pore size of the mold used in the experiment. Scan-
ning electron microscope (SEM) imaging further shows that
nanomolded wires can have lengths exceeding 10 um [in-
set, Fig. 2(b)], which can be readily tuned with molding
temperatures (Supplemental Material Fig. S1 [24]). The
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FIG. 2. Nanomolding of Coln; nanowires. (a) Nanomolding
schematic: a bulk feedstock is pressed against a nanoporous mold
at elevated temperature under a pressure typically in the range of
100-150 MPa. After 1 h, the bulk feedstock creeps into the mold by
interfacial diffusion, forming nanowires inside the pores. The wires
can then be isolated by sonication. (b) TEM-EDX spectra of molded
nanowires indicate a Co:In ratio of 1:2.8, while SEM imaging (inset)
shows that the wires could be up to 10 um long (scale bar: 2 wm).
(c) FIB liftout of a portion of molded wires, imaged by HAADF-
STEM, and (d) STEM-EELS chemical compositional maps of the
region in (c), showing Cobalt and Indium filling the pores of the mold
to form Coln; nanowires (scale bars: 100 nm).
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FIG. 3. Single-crystalline Coln; nanowires molded at 350 °C. (a), (¢) Low-magnification HAADF-STEM images of two Coln; nanowires.
(b) Atomic-resolution HAADF-STEM image of the nanowire in (a), showing the (001) projection. (c) FFT image of (b). (d) Simulated
diffraction pattern of the (001) projection, in agreement with (c) and indicating [130] growth direction. Scale bars: 5 nm~'. (f) Atomic-
resolution HAADF-STEM image of the nanowire in (e), showing the (110) projection. (g) Fourier-transformed image of (f). (h) Simulated

diffraction pattern of the (110) projection, in agreement with (g) and indicating [221] growth direction. Scale bars: 5 nm™".

overall morphology of the nanowires examined by SEM
shows smooth surface for the wires (Supplemental Material
Figs. S2 and S3). Energy dispersive x-ray (EDX) spectra, ac-
quired from more than 20 nanowires by transmission electron
microscopy (TEM)-EDX, indicate an average stoichiometric
Co:In ratio of 1:2.8, which is close to Colns. The chemical
compositions of the molded nanowires along the longitudinal
direction are also confirmed to be constant by STEM-EELS
(Supplemental Fig. S4), indicating an identical diffusion rate
of the constituent metals, consistent with theoretical predic-
tions of the diffusion of ordered phases [15].

Atomic-resolution HAADF-STEM imaging of two repre-
sentative nanowires shows the two crystallographic directions
of Colnj in their plan views (Fig. 3). Figure 3(b) shows the
(001)-projection of Colns, matching the schematic shown in
Fig. 1(a), and the [130] growth direction is determined by the
fast Fourier transform image as well as the simulated diffrac-
tion pattern [Figs. 3(c) and 3(d)]. Figures 3(f)-3(h) show
another growth direction of [221] as determined from the
(110)-projection HAADF STEM image of Coln; [Fig. 3(f)],
matching the schematic shown in Fig. 1(b). Single crystalline
nanowires are also molded from AAO molds with 80 nm
and 20 nm pore sizes, producing wires with approximately
80 nm and 20 nm diameters, respectively (Supplemental
Fig. S5). Supplemental Material Fig. S6 shows the char-
acterization for molded RhIn; nanowires. These results are
consistent with prior reports, which have demonstrated that
thermomechanical nanomolding produces single-crystalline
nanowires [17,18,25,26]. The single crystalline nature of
the molded Colns; wire is carefully studied using four-
dimensional STEM (Supplemental Material Figs. S7 and S8).
We note that the nanowire surface is not atomically smooth,
as seen in Figs. 3(a) and 3(e), which show some variations in
diameter along the length of the wires. This is attributed to
the irregular shapes of the nanoscale pores of the AAO mold
(Supplemental Material Fig. S9) as well as surface oxidation
that we will discuss later.

1

We have thus demonstrated that nanomolding successfully
fabricates Colns and RhIns nanowires in the single crystalline
form with variable diameters. These results enable measure-
ments of the electronic properties in nanowires in comparison
to bulk properties, using their dimensionality as a tuning knob.
To that end, we first performed Density Functional Theory
(DFT) calculations to compute the bulk electronic band struc-
tures of Coln; and Rhlns, using the Perdew-Burke-Ernzerhof
exchange-correlation functionals [27-30] on a I'-centered
mesh of 12 x 12 x 12 k-points (details in the Supplemen-
tal Material, Sec. 3). The electronic band structure and the
associated density of states of Coln; show a small carrier
density at the Fermi level, and a gap opening at approximately
0.5 eV below the Fermi level [Fig. 1(c)]. These features are
also observed in the electronic structure of RhIns (Supplemen-
tal Material Fig. S10). The observation of a gap opening near
the Fermi level is consistent with previous theoretical studies,
which identify this to be an energy gap formed by the strong
d-p orbital interaction between the transition metal orbitals
and the main-group metal orbitals [31-33]. We then computed
the room-temperature bulk resistivities of Coln; and Rhlngs,
via a first-principles evaluation of the electron-phonon scatter-
ing elements, and from there, evaluated the electron mean free
paths of these compounds. These parameters are summarized
in Table I.

From our calculations, we expect both Coln; and Rhlns
to be metallic, with an average bulk resistivity of about
41.6 u2cm and 64.9 uS2 cm, respectively, at room tempera-
ture. We fabricated nanowire devices in the four-probe config-
uration using standard e-beam lithography [inset, Fig. 4(a)],
and measured the resistivities of individual wires (details
of the device fabrication process in Supplemental Mate-
rial, Sec. 4). Fabricated with Cr/Au contacts, our devices
exhibit linear -V characteristics, indicating Ohmic con-
tacts [Fig. 4(a), Supplemental Material Figs. S11 and S12].
Temperature-dependent resistivity measurements of Colns
nanowires indicate that they are all metallic, down to the
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TABLE L. Calculated bulk resistivities (ox, oy, o, and pave) and other bulk parameters, namely the mean free path (1), scattering rate (7),

and Fermi velocity (vy) of Colnz and RhIn;z at room temperature.

Compound 0y (U2 cm) oy (U2 cm) 0z (U2 cm) Pavg (U2 cm) A (nm) T (fs) vp (10° m/s)
Coln; 42.66 42. 66 39.49 41.60 10.1 25.75 0.39
Rhin; 72.81 72.81 49.06 64.89 2.98 13.54 0.22

20 nm diameter range [Fig. 4(b)]. At room temperature,
the average resistivities of Coln; nanowires are 180.1 &
55.5 u2cm and 529.9 + 80.5 u€2 cm for nominally 40-nm di-
ameter and 20-nm diameter wires, respectively. These values
are about 4 and 13 times the calculated room-temperature
bulk resistivity of Colns. For nominal 80-nm diameter wires,
the resistivity is 138.4 4= 24.4 uQ2 cm, about three times the
bulk resistivity. For RhIn; nanowires, a similar behavior
is observed, where the average room-temperature resistivity
is 347.7 £ 95.9 u2cm for nominally 40-nm diameter wires
(Supplemental Material Figs. S13 and S14), about five times
the calculated bulk value.

Several factors may explain the discrepancy between the
measured resistivities of the nanowires and the calculated
bulk resistivities. Electron transport in metallic nanowires can
suffer from surface scattering, leading to resistivities higher
than bulk values, even when the diameters of the wires are
larger than the bulk electronic mean free path [34]. In the cases
of Pt, Au, and Cu nanowires, the measured resistivities could
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FIG. 4. Transport properties of Coln; nanowires. (a) Linear
I-V characteristics exhibited by nanowire devices with four-probe
contact configuration (inset: SEM micrograph of a representative
device). (b) Temperature dependent resistivity measurements show
that the wires remain metallic down to 20 nm diameter. (c) Calculated
room-temperature bulk resistivity of Coln;_, with indium vacancy
concentration, x. (d) Diameter-dependent, room-temperature resis-
tivity values of molded Coln; nanowires, in comparison to the
Fuchs-Sondheimer (FS) model.

be up to 26 times the corresponding value of the bulk [34-36].
In addition, point defects like vacancies can shift the chemical
potential of the system, while at the same time introducing
additional scattering centers, causing further increase to the
measured resistivity. The average Co:In stoichiometric ratio
of the molded nanowires is 1:2.8 [Fig. 2(b), Supplemental
Material Figs. S15-S18], suggesting some degrees of In or Co
vacancy, likely with indium vacancy being more prevalent.

To quantify the effects of vacancies on the resistivity of
Colnjs, we performed further DFT calculations on constructed
2 x 2 x 2 supercells. Specifically, we removed an arbitrary In
or Co atom to simulate a vacancy defect and recompute the
scattering matrix elements in the defect supercells to calculate
the resistivity in the presence of vacancy (details in the Sup-
plemental Material, Sec. 3). We found that Co or In vacancy
would lower the chemical potential, shifting the system to a
state with increased resistivity [Fig. 4(c)]. In the case of In
vacancy, the chemical potential would decrease by 0.768x eV,
where x denotes the In vacancy concentration in Colnjz_,.
Hence, for x = (.25, the chemical potential would shift down-
ward by 0.19 eV, causing the resistivity of the material to
increase to approximately 120 u$2 cm [Fig. 4(c)]. At the same
time, these vacancies can also act as scattering centers, which
contribute to further increase the resistivity. Taking this into
consideration, our calculations find that electron scattering
from vacancies would increase the resistivity further: for 1%
In vacancy in the supercell, an additional 20% increase in
resistivity would entail, bringing the effective resistivity to
at least 144 uQ2 cm at room temperature, in agreement with
the resistivities measured in the 40 nm and 80 nm Colnj
nanowires.

We next consider the influence of the wire diameter on the
resistivity of the system. Since our nanowires are single crys-
talline, the effects of grain boundary scattering are ignored.
As such, the dimensionality scaling of the resistivity of the
system can be described by the modified Fuchs-Sondheimer
(FS) formula [37,38]:

pok 3(1 = p)

d 4
where the second term represents surface boundary scattering,
with pg being the bulk resistivity, A is the electronic mean free
path, d is the diameter of the nanowire, and p the specularity,
or the probability for specular scattering (p = 1 denotes an
atomically smooth surface leading to perfectly specular scat-
tering). Figure 4(d) shows the measured room-temperature
resistivities of Colns nanowires as a function of diameter, with
the FS fitting for p = 0.1 and p = 0.5. While the resistivity
values for nanowires with nominal 40 and 80 nm diame-
ters are fitted by the FS model, the experimental resistivities
for nanowires with nominal 20-nm diameter far exceed the

P =po+ ey
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modeled values, even for the extreme case of p = 0.1 (mini-
mal specular scattering). This suggests that additional factors
must be involved in influencing the nanowire resistivities at
downsized dimension.

One plausible explanation for the discrepancy observed
for 20-nm diameter wires is the degree of surface oxidation
in the wires. During the device fabrication, we perform Ar
plasma etching to remove a thin layer of native oxides at
the nanowire surfaces; however, subsequent exposure to air
before and after the deposition of metal contacts inevitably
causes surface reoxidation to the wires. This reintroduces sur-
face defects and impurities, which are comparatively higher
in concentration in 20-nm wide nanowires than in 40- and
80-nm wide wires (Supplemental Material Fig. S19). Such
a high degree of impurity contributes to the temperature-
independent part of the nanowire resistivity, i.e., the residual
resistivity [39]. Indeed, for 20-nm wide nanowire devices,
the lowest residual resistivity is 308 u€2cm at 2 K, far ex-
ceeding their 40-nm-diameter counterparts at 2 K [from
28 to 51 u2cm, Fig. 4(b)]. This suggests that for 20-nm-
diameter nanowires, the degree of impurities and defects is
many times higher than that in the 40-nm case, thus ex-
plaining the high residual resistivities measured in 20-nm
devices.

The temperature-dependent parts of the resistivities—
typically due to electron-phonon scattering—do not differ
much for both 20- and 40-nm-diameter wires [Fig. 4(b)].
Hence, impurity scattering is likely the main difference be-
tween the 20- and 40-nm-diameter nanowires. We can thus
subtract the minimum difference between the residual resis-
tivities of the 20- and 40-nm devices to give a conservative
estimate of the room-temperature resistivities of the 20-nm
diameter nanowires, if they were to have the same impurity
concentration as the 40 nm counterparts. This results in an
average resistivity of 201.1 £ 48.0 u2 cm, which falls into
the p = 0.1 range of and is thus consistent with the FS model
(Supplemental Material Fig. S20).

III. CONCLUSIONS

In summary, our study demonstrates the successful synthe-
sis of Colns and RhInj nanowires. Despite large differences

in melting points and vapor pressures of the constituent
elements, single-crystalline nanowires were formed, using the
TMNM technique. From high-resolution STEM imaging, we
capture the crystal structure of the wires, thus showing that
they can grow in multiple directions, such as [130] and [110],
among others. TEM-EDX suggests that our wires contain
In vacancies, which will cause the chemical potential of the
system to shift downwards by approximately 0.15 eV and
thus, increase the resistivity according to DFT calculations.
Other factors such as surface oxidation, surface roughness
scattering, vacancy-induced scattering, and potential contact
resistance will contribute to the measured resistivities, which
are higher than the calculated bulk values. Nevertheless, the
wires retain metallic properties down to the 20 nm diameter
range. The measured resistivities of the Colns nanowires, to
our best knowledge, are the first experimental values reported
for this compound, though they represent upper bounds to the
actual resistivity.
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