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Fabricating materials that are not stable at room temperature gives scientists a
larger materials toolbox to choose from. We detail a new approach to making

metastable materials at the nanoscale by pressing a bulk feedstock at moderate

temperatures through a nanoporous mold. By ‘‘nanomolding’’ MoP, the resulting

nanowires become Mo4P3, a material that is not typically stable at room

temperature. This approach can be extended to numerous other compounds that

have ideal electronic, optical, and catalytic properties.
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PROGRESS AND POTENTIAL

Large-scale manufacturing of

nanostructures with controlled

morphology and high crystalline

quality can be transformative for

many applications, such as

sensing, catalysis, plasmonic, and

electronic applications, but

remains challenging.

Thermomechanical nanomolding

has recently been developed to

fabricate large-scale nanowires of

metals and intermetallics with

controlled diameter and aspect

ratios. This work extends the

capability of nanomolding and

demonstrates controlled and

scalable nanomolding of single-

crystalline Mo4P3, which is a
SUMMARY

Reduced dimensionality leads to emergent phenomena in quantum
materials, and there is a need for accelerated materials discovery
of nanoscale quantum materials in reduced dimensions. Thermo-
mechanical nanomolding is a rapid synthesis method that produces
high-quality single-crystalline nanowires with controlled dimen-
sions over wafer-scale sizes. Herein, we apply nanomolding to
fabricate nanowires from bulk feedstock of MoP, a triple-point to-
pological metal with extremely high conductivity that is promising
for low-resistance interconnects. Surprisingly, we obtained single-
crystalline Mo4P3 nanowires, which is a metastable phase at
room temperature and atmospheric pressure. We thus demon-
strate that nanomolding can create metastable phases inaccessible
by other nanomaterial syntheses and can explore a previously inac-
cessible synthesis space at high temperatures and pressures.
Furthermore, our results suggest that the current understanding
of interfacial solid diffusion for nanomolding is incomplete,
providing opportunities to explore solid-state diffusion at high-
pressure and high-temperature regimes in confined dimensions.
metastable phase at room

temperature at ambient pressure.

Thus, we demonstrate

thermomechanical nanomolding

as a scalable nanofabrication

technique for metastable

compounds as well as quantum

materials.
INTRODUCTION

1D material systems display emergent phenomena due to reduced dimensionality

and nanoscale confinement not present in higher dimensions, such as dislocation

starvation in nanopillars,1 deviations in crystallization in metallic glasses,2 and ballis-

tic transport in 1D van der Waals crystals.3 In the context of quantum materials, real-

izing topological superconductors for probing Majorana bound states,4 maximizing

topological surface states for low-dissipation microelectronics5 or catalysis,6 and

developing Josephson junctions with unusual current-phase relations7 all rely on

pristine 1D nanowire systems. Given the large predicted number of topological

quantum materials,8 there are limited nanofabrication techniques that allow for

simultaneous morphological, crystallographic, and structural control of 1D nano-

wires over wafer-scale distances. Traditional bottom-up fabrication techniques

such as chemical vapor deposition or molecular beam epitaxy require extensive

optimization, and yet control of size and defect structure is limited, while top-

down lithographic approaches can achieve the desired size but lack any control of

defect structure and are severely limited with respect to material choice.9

In 2019, Liu et al. introduced the scalable fabrication method of thermomechanical

nanomolding (TMNM), where a bulk polycrystalline feedstock material is extruded

through a nanoporous mold at elevated temperatures (approximately 0.5Tm, where

Tm is the melting point) and pressures (>100 MPa).10 This process results in the for-

mation of single-crystalline, defect-free nanowires with high aspect ratios.11 The

mold is etched away using a strong acid or base, and the molded nanowires are
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separated from the bulk feedstock via sonication. TMNM holds several key

advantages over traditional synthesis methods, including the ability to produce

single-crystalline nanostructures from a polycrystalline feedstock due to reorienta-

tion of the grains as they are pressed through the mold.12 Another major

advantage of TMNM is its versatility, as the library of successfully nanomolded

materials has expanded to include crystalline metals,13 solid solutions,10 and

ordered phases.14

The use of TMNM for 1D quantum materials has been unexplored. One particular

issue is that many quantum materials of interest possess covalent bonding, such

as metal phosphides.15–18 Molybdenum phosphides such as MoP,16,19 MoP2,
17,20

andMoP4
15 exhibit unique quantum transport effects arising from topologically pro-

tected surface states, and MoP, a triple-point topological metal,21 is a promising

alternative to Cu as a low-resistance interconnect due to its high carrier density,

high electron mobility, and low bulk resistivity. In Mo-P compounds, metallic

bonding exists between Mo atoms; however, the shortest atomic bond distances

are between covalently bonded Mo and P atoms.22 Previous TMNM studies focused

on metals or intermetallics with largely metallic bonding,13,14 which can make bond

rearrangement during solid-state diffusion easier, while certain covalently bonded

materials such as Si are not suitable for TMNM given their extremely low bulk and

surface diffusivities.14

We herein report the nanomolding of single-crystalline nanowires from a polycrystal-

line MoP feedstock. Surprisingly, crystallographic and compositional analysis shows

the nanowires to be Mo4P3 instead of MoP. Mo4P3 is a metastable phase at room

temperature and ambient pressure with little experimental characterization. Density

functional theory (DFT) band structure calculations and resistivity measurements

indicate that Mo4P3 is a non-topological metal with resistivity values comparable

to other molybdenum-phosphide compounds. These results demonstrate that

high temperatures and pressures, along with the interfacial energy between the

feedstock and mold materials in TMNM, can provide a novel pathway to nanofabri-

cation of metastable phases.
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RESULTS AND DISCUSSION

Bulk polycrystalline MoP, which has been polished to a mirror finish, is used as the

initial feedstock material (Figure S1). TMNM is performed at 1000�C and 150 MPa

for 3 h using an anodic aluminum oxide (AAO) mold with 40 nm pores (Figures 1A

and 1B) in an argon environment. Etching of the mold in hydrofluoric acid (HF)

and sonication lead to dispersed nanowires in solution (Figures 1C and 1D), which

are drop cast onto transmission electron microscopy (TEM) grids or SiO2 substrates

for characterization and electrical measurements, respectively. Details of TMNM can

be found in the supplemental information.

Scanning TEM (STEM) is used to characterize the molded nanowires. The average

diameter of the nanowires is 33.8 G 1.9 nm. High-angle annular dark field

(HAADF) STEM images reveal that the nanowires have a different atomic structure

from their bulk MoP feedstock (Figure S1). The high-resolution STEM image in Fig-

ure 2D shows that the atomic structure of the nanowires is not the hexagonal crystal

structure of MoP or MoP2, shown in Figure S2. From crystallographic analysis, we

determine the phase of the nanowires to be orthorhombic Mo4P3 (Figures 2A and

2B), a high-temperature compound stable between 700�C and 1,580�C at ambient

pressure.23 As shown by the overlay in Figure 2D, the atomic positions in the STEM
2 Matter 6, 1–9, June 7, 2023
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Figure 1. Schematic of the TMNM process

(A) Molding of polycrystalline MoP feedstock (red) using an anodic aluminum oxide mold (blue) at

high temperature and pressure.

(B) Formation of single-crystalline nanowires after a mold period of 3 h.

(C) Mold removal using hydrofluoric acid (HF) and scanning electron microscope (SEM) image of

nanowires molded from MoP feedstock (scale bar: 1 mm).

(D) Separation of nanowires from feedstock via sonication in isopropyl alcohol (IPA).
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image closely match those of the Mo atoms in Mo4P3, with the growth direction

along the b axis. The lattice constant perpendicular to the growth direction of the

nanowire is measured to be 21.3 Å, which nearly matches the Mo4P3 c lattice con-

stant of 20.5 Å.24 The 3.9% discrepancy can be attributed to tensile strain along

the curvature of the nanowire. Using the fast Fourier transform (FFT) of the STEM im-

age, shown in Figure S3, we calculate the lattice constant along the growth direction

of the nanowire to be 3.2 Å, in close agreement with the b lattice constant of Mo4P3
of 3.16 Å.24 Figure 2E shows the normalized energy-dispersive X-ray spectroscopy

(EDX) spectrum of the molded nanowires compared with two reference spectra

measured from bulk single crystals of MoP and MoP2. Using the reference spectra,

the Mo-to-P ratio of the nanowires is calculated to be nearly 4:3 (Table S1). STEM-

EDX maps (Figure S4) show that the distribution of Mo and P is uniform over the

entire area of the nanowires. No Mo4P3 nanowire had noticeable oxide formation;

however, some had residual AAO mold.

Diffraction data are collected via 4D STEM scan over the nanowire shown in Fig-

ure 2C to confirm its single-crystalline nature. Figure 2F shows a diffraction pattern

generated by summing up the 4D STEM data over an area of 726 nm2 on the nano-

wire outlined in Figure S5. The diffraction pattern shows that the nanowire is single

crystalline and a close qualitative match to the simulated diffraction pattern of

Mo4P3 shown in Figure 2G. The area of integration for the diffraction pattern

was limited to avoid shifts in the diffraction spots arising from changes in nanowire

orientation on the TEM grid due to bending, which would distort the final diffrac-

tion pattern. In Figure 2H, single diffraction patterns taken from different points

along the wire length confirm that the nanowire is single crystalline, unlike the

starting bulk polycrystalline MoP (Figure S1). While there are changes in the inten-

sity of the diffraction spots due to varying orientations along the length of the

nanowire, the overall diffraction spot positions remain consistent owing to the

lack of grains.

The present work shows that crystal structure and composition can change during

nanomolding to stabilize and produce metastable Mo4P3 nanowires from the bulk

feedstock of MoP. This observation is distinct from previous nanomolding
Matter 6, 1–9, June 7, 2023 3



Figure 2. Atomic characterization of molded nanowires

(A and B) Schematics of Mo4P3 crystal structure (Mo atoms in teal, P atoms in orange).

(C) Low-magnification image of nanowire (scale bar: 0.1 mm).

(D) STEM image of nanowire (scale bar: 5 Å).

(E) EDX spectra of molded nanowire, reference MoP, and MoP2 bulk single crystals.

(F) Integrated diffraction pattern over 6 3 6 pixel area of nanowire from 4D STEM (scale bar: 0.5 Å�1).

(G) Simulated diffraction pattern of Mo4P3 (scale bar: 0.5 Å�1).

(H) Diffraction patterns (scale bar: 0.5 Å�1) from three points along the length of the nanowire (scale bar: 0.1 mm).
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experiments, where chemical composition and crystal structure of the molded nano-

wires matched the bulk feedstock.14 We propose two potential mechanisms that

could lead to loss of phosphorus during molding. Due to the high temperatures

involved during molding and the high vapor pressure of phosphorus compared

with molybdenum,25 the nanowires could slowly lose phosphorus during molding,

leading to a change in chemical composition and crystal structure. Alternatively,

phosphorus could be diffusing into the AAO mold, as alumina has a strong binding

affinity for phosphates,26 and lateral diffusion of phosphorus from the wires into the

AAO could lead to a change in composition and crystal structure in the nanowires

during molding.

To determine the cause of phosphorus loss during nanomolding, we performed

STEM-EDX mapping on the Mo4P3 nanowires still embedded in unetched, intact

AAO mold that is in contact with the bulk feedstock, prepared by focused ion

beam (FIB) milling. STEM-EDX of the FIB-prepared sample (Figure 3A) shows no

Mo or P in the AAO mold. Instead, the P/Mo EDX peak ratio along the molding
4 Matter 6, 1–9, June 7, 2023



Figure 3. Conversion from MoP to Mo4P3 during molding

(A) STEM-EDX map of Mo4P3 nanowire FIB liftout with AAO mold. Scale bar: 50 nm.

(B) P-Ka/Mo-La EDS peak ratio along the scan region.

(C) Schematic of the nanomolding region with different crystal structures.

(D) STEM image showing crystal rotation near entrance of nanowire into AAO mold from (A). Scale

bar: 2 nm.
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direction (Figure 3B) shows that the phosphorus content has decreased in the nano-

wire as well as the first�400 nm of the bulk feedstock. Thus, we determine that phos-

phorus atoms are not diffusing into the AAO mold during molding. Rather, due to

the high vapor pressure of phosphorus25 at the molding temperature, the MoP

bulk feedstock near the surface of the AAO mold is losing phosphorus and

converting to Mo4P3 during nanomolding. Phosphorus is able to leave the bulk

feedstock through the pores in the AAO mold and the gaps between the mold

and feedstock due to surface roughness. We note that only the first �400 nm of

the bulk feedstock near the surface is converted to Mo4P3, while the rest of the feed-

stock remains MoP (Figure 3C). This can also be inferred in the HAADF-STEM image

shown in Figure 3A, where the first 400 nm of the bulk feedstock is brighter in inten-

sity with a clear boundary that separates the Mo4P3 region from the MoP region.

Therefore, Mo4P3 nanowires are formed from the locally converted Mo4P3 feedstock

during molding. Interestingly, the Mo4P3 nanowire shows a drastic change in crystal-

line orientation from the bulk Mo4P3 (Figure 3D), which occurs in order to minimize

the overall surface energy of the nanowire, in agreement with previous molding

results on nanomolding.12,13

As MoP,16,19 MoP2,
17,20 and MoP4

15 possess topologically protected electronic

states, it might be the case that Mo4P3 is also topological. However, there are limited

computational and experimental studies on transport properties of bulk Mo4P3 since

it is a metastable phase not found at room temperature. Shirotani et al. found that

bulk Mo4P3 prepared under high pressure exhibits superconductivity at 3 K,22 but

they do not measure room temperature resistivity. The electronic band structure

calculated from DFT (Figure 4A) reveals that Mo4P3 is metallic. Orbitally projected

band structures do not present any band crossings with a parity change from Mo

d states to P p states (Figure 4A), with mainly Mo d orbitals contributing to bands

down to �2 eV relative to the Fermi level (Figures 4A and S6). Therefore, Mo4P3 is

unlikely to be topological. The total density of states (Figure S6) is comparable to

other Mo-P intermetallic compounds.27 The growth direction of the molded nano-

wires, and subsequently the direction of current flow, is along the b axis, which

corresponds to the G-Y direction in the band structure (Figure 4B). To measure resis-

tivity, we fabricated four-point probes on Mo4P3 nanowires deposited on SiO2 using

e-beam-deposited Ti/Au electrodes (Figure 4C). From four-point probe
Matter 6, 1–9, June 7, 2023 5



Figure 4. Electrical properties of Mo4P3

(A) Calculated orbitally projected band structure of Mo d (red) and P p (blue) states near Fermi level for Mo4P3.

(B) High symmetry labels for Brillouin zone of Mo4P3.

(C) Resistance versus current of Mo4P3 nanowire during four-point probe measurement. Inset is SEM image of four-point probe with a scale bar of 1 mm.

(D) Resistivity of Mo4P3 nanowires with differing cross-sectional area.
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measurements, the resistivity of the Mo4P3 nanowires is measured to be 39.7 G

3.4 mU,cm at 300 K (Figure 4D). Since no experimental resistivity values exist for

bulk or nanostructure Mo4P3, we compare the resistivity with ab initio calculations,

which report a range from 3.3 to 33 mU,cm (Tables S2 and S3).28 Since the resistivity

values of Mo4P3 nanowires are comparable to the predicted bulk value, we hypoth-

esize that surface electron scattering is minimal. The resistivity value of the Mo4P3
nanowires measured is higher than that of MoP nanowires,29 12 mU,cm, for the

equivalent cross-sectional area but is comparable to single-crystal 60 nm diameter

MoP2 nanowires
20 (32 mU,cm).

In conclusion, we show that TMNM is a viable nanofabrication strategy for 1D quan-

tum materials. Using a bulk MoP feedstock, we nanomold Mo4P3 nanowires and

confirm their single-crystalline, defect-free structure. To date, this is the only nano-

fabrication technique for single-crystal 1D nanowires for Mo4P3 and the first demon-

stration of TMNM for a largely covalently bondedmaterial. DFT calculations showed

a non-topological metallic character for Mo4P3, and resistivity values of nanowires

are comparable to other molybdenum phosphides and close to predicted bulk resis-

tivity, indicating that surface scattering is minimal. Since TMNM is material agnostic,

the approach elucidated here can be extended to fabricate other metastable metal

phosphides or covalently bonded systems.
6 Matter 6, 1–9, June 7, 2023
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to

and will be fulfilled by the lead contact, Judy J. Cha (jc476@cornell.edu).

Materials availability

Nanowires of Mo4P3 can be requested; contact the lead contact.

Data and code availability

This study did not generate or analyze datasets or code.
Bulk MoP feedstock fabrication

MoP powder (Alfa Aesar) was loaded into a graphite die, then pressed and heated at

150 MPa and 900�C for 3 h. The pellet was removed from the die and sintered at

1,000�C overnight in 5% H2 in Ar. XRD measurements were taken on the pellet prior

to and after sintering to verify the MoP phase (Figure S1). The pellet was cut into

smaller pieces and polished for molding.
Nanowire fabrication

AAOmolds with 40 nm pore size and 50 mm thickness were purchased from InRedox.

A cut and mirror-polished piece of the MoP pellet was placed on an AAO mold in a

graphite die. After heating to 1,000�C at 10 �C/min under argon, the sample was

loaded to 150 MPa for 3 h. After allowing the pressed sample to cool to room tem-

perature, the AAOmold was etched away using HF at 65�C. The resulting nanowires

were removed from the bulk feedstock via sonication in isopropyl alcohol (IPA). The

nanowires were stored in IPA.
STEM sample preparation and characterization

The nanowires were drop cast on a lacey carbon on a Cu TEM grid for atomic struc-

ture and composition characterization. Liftouts of the MoP and MoP2 bulk single

crystals were made using a Thermo Fisher Scientific Helios G4 UX FIB (Figure S2).

Fabrication of the bulk single crystals are described elsewhere.17,21 STEM, EDX,

and 4D STEM data were collected on a Thermo Fisher Scientific Spectra 300 TEM

at 300 kV. Simulated structures and diffraction patterns were generated using

VESTA, CrystalMaker, and SingleCrystal. 4D STEM data were analyzed using py4D-

STEM.30 In order to determine the Mo:P ratio of the molded nanowires, a k-factor

was calculated using EDX data of the MoP and MoP2 reference crystals.
DFT calculations

The electronic band structure and density of states calculations of bulk Mo4P3 were

performed from first-principles using Vienna Ab initio Simulation Package (VASP).31

DFT calculations were performed within the generalized gradient approximation

(GGA) as implemented in the Perdew-Burke-Ernzerhof (PBE) functional.32 We em-

ployed an energy cutoff of 600 eV, an electronic momentum k-point mesh of 8 3

32 3 4, a Methfessel-Paxton smearing of 0.1 eV, and an energy tolerance of 10�8

eV for the total energy convergence, at the calculated bulk lattice parameters of

a = 12.482 Å, b = 3.164 Å, and c = 20.495 Å (which are in good agreement with

Leclair et al.24) with the Pnma (#62) symmetry, relaxed with a force tolerance of

10�3 Å/eV. Vaspkit33 and Sumo34 packages were used for analyzing and plotting

the band structure.
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The predicted conductivity tensor multiplied by the scattering time t of Mo4P3 from

ab initio calculations was obtained from Ricci et al.28 We use 1.4 3 10�14 s for t of

MoP29 as a reference, and we estimate t for Mo4P3 to be between 10�14 and

10�13 s. The resistivity tensors were calculated from these limits (Tables S2 and S3).

Device fabrication and four-point probe measurements

Mo4P3 nanowires were drop cast onto SiO2/Si substrates and coated with an e-beam

resist layer (PMMA 495 A4). Electrode patterns for four-probe measurements were

obtained by standard e-beam lithography. 5/50 nm thick Ti/Au electrical contacts

were deposited by e-beam evaporation. Resistivity measurements were carried

out in vacuum (�10�5 torr) at room temperature.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.

2023.03.023.
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