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Electronic properties and ideal tensile strength of MoSe nanowires
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Ab initio pseudopotential total energy calculations of MoSe nanowires were performed within the local
density approximation. The bMogSe; crystal is composed of molecular chains, which can be separated from
one another to form individual nanowires approximately 3 A in diameter. In this study we consider three
systems: the quasi-one-dimensional bulk crystaMdgSe;, one isolated MoSe nanowire, and one isolated
MoSe nanowire with Li adsorbates. The equilibrium structures and the electronic structures of the three
systems were calculated and compared to each other. The calculated density of states of an isolated MoSe wire
is compared with experimental tunneling spectroscopy measurements of the local density of states. The binding
energy of a Li atom to an isolated wire was calculated and the effects of Li adsorption are discussed. In
addition, the calculated value for the ideal tensile strength of a single MoSe nanowire is presented and
compared with estimated values for carbon nanotubes.
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I. INTRODUCTION lattice parameters, electronic band structures, charge density,
and density of states were calculated for these systems.
Currently there is a great deal of interest in nanotubes and
nanowires. In particular a large amount of experimental and Il. METHOD
theoretical research has been done on carbon nanotubes since
their discovery in 1991 by lijim&.The electronic properties ~ We performedab initio pseudopotential total energy cal-
of carbon nanotubes are known to be very sensitive to theulations within density functional theopFT) and the lo-
structural configuration of the tube. Carbon nanotubes can beal density approximation (LDA) using the Ceperley-Alder
metallic or semiconducting depending on their chirality andfunctionaf? for the exchange-correlation energy. The inter-
diamete? On the other hand, boron-nitride nanotubes areaction of the valence electrons with the ionic cores is mod-
known to be large-gap semiconductors independent of theiled by separabl® norm-conserving, Troullier-Martir4
chirality and diametet. Even more recently, very small, pseudopotentials.
subnanometer-diameter, MgSingle-walled nanotubes have ~ The total energy is calculated by a numerical integration
been synthesizetiwhich are remarkably similar in structure over the Brillouin zone. For the bulk calculation we use a
to the nanowires studied in this work, although they have @rid of 3X3x6 k points. For the isolated wire there is no
somewhat greater diameter. dispersion in thek, andk, directions, so we only need to
Quasi-one-dimensionalquasi-1D crystalline metallic sample 6k points along thek, axis. We expand the wave
structures with stoichiometril ,MogXg (X=Se,Te and\ functions in plane wavésup to a cutoff of 60 Ry. With these
=Li,Na) have been known since the work of Potel, andparameters, the total energy precision is better than 0.2 mRy/
co-workers> Although these materials are synthesized inatom.
bulk crystalline form, their structures have a 1D character To find the equilibrium structure we relax the lattice pa-
due to the presence of long molybdenum chains, along whickameters using a quasi-Newton meti8@he strained struc-
the electrical conduction is supposed to occur. Previoudure is obtained by fixing the lattice constant and relaxing
studie§” have interpreted the electronic structure of bulkall other degrees of freedom.
TI,MogSe; in terms of quasi-1D metallic character. Dissolv-
ing Li,MogSe; in highly polar solvents yields bundles of lIl. STRUCTURE
MoSe chains and single isolated MoSe nanowires which can
be deposited on a substrdt2Recently, Venkataraman and ~ The MoSe chains consist of @B AB stacking of trian-
Lieber'® used scanning tunneling microscof§TM) to re-  gular Mo;Se; elements as depicted in Fig. 1. Each J8e;
solve and characterize the electronic structure of isolate@lement is an equilateral triangle with one Se atom at each
MoSe nanowires. They found that bundles of MoSe chaingertex and one Mo atom between each pair of Se atoms. The
and individual wires are metallic and the local density ofrelaxed distance between layers is 2.23(ck equivalently
states(LDOS) exhibits sharp peaks consistent with 1D Vanc=4.46 A), and the distance between two nearest Mo atoms
Hove singularities. They also found that MoSe wires do nowithin one layer is 2.77 A; the separation between two Se
undergo a metal-insulator Peierls transition, remaining meatoms in the same layer is 5.21 A.
tallic down to at least 5 K. In bulk Li,MogSe;, MoSe chains are arranged in a trian-
Motivated by these recent experimerds, initio pseudo- gular lattice with Li atoms in between the chains. For de-
potential calculations were performed on bullkMogSe;,  tailed plots of this structure and other related structures see
single MoSe chain, and Li-doped single MoSe chain. TheRef. 17. The lattice constants in the relaxed structureaare
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FIG. 1. A cut isolated MoSe chain. The chain is composed of an & L Li
internal Mo chain surrounded by Se atoms. O @)
@ Mo
. . . L &
=8.25 A andc=4.51 A. The Mo-Mo distance is 2.71 A, Se
and the Se-Se distance is 5.24 A. Compared to the isolated ¢

MoSe wire, the MoSe chains in crystalline form are stretched ) . . )
by 1%, the Mo-Mo distance is 2% shorter, and the Se atoms FIG. 2. (@ Side and(b) top views of a single MoSe nanowire
are 0.6% farther apart from each other. with two adsorbed Li atoms per unit cell.

We also calculate the adsorption energy of a Li on a _ _
isolated MoSe nanowire. To reduce the computational loal}ween 12 ev anq 15 eV common to the three systems
correspond to Se-like states.

we chose a system with an inversion symmetry where two LI . .
. T In the band structure of the isolated wjfgg. 3(a)], there
atoms approach the MoSe wire from opposite sidgg. 2). are three bands which cross the Fermi level. The plot of the

gi@?ahlcslrc])?lzg ;'tfer 0'21 otﬁg Séi}glag;ot?]gvﬁoggnc%;?n,l:)ienzi;[hg eIectrqnic charge density in an isc_>|ated MOS% wirﬁ for the
plane between two Mge; layers, and at equal distances occupied states 'close to the Fermi ene[@g. X )].s ows
from two Mo atoms of adjacent layers. Note that, in the bulk that the conduction channe_ls are essentially localized around
the Li atoms are in the same plane of a J8e, ’unit and 'th@T M_o atoms. The band with the small hole _pocket atﬁfhe_
4.76 A away from the chain axis. The calculated bindingpomt is doubly degengrate. Therefore, on a single MoSe wire
eﬁergy of Li atom is about 2.5 V. ' there are four conduction channels, and_the quant.um cpnduc—
' ’ tance(which would be the conductance in the ballistic limit
of the wire is predicted to be @,, whereGy is the quantum
IV. ELECTRONIC STRUCTURE condu_ctance constane? h. Because the doubly degenerate
band is flat and close to the Fermi level, the quantum con-
Bulk Li,MogSe; is known experimentally to be metalfic. ductance will be rather sensitive to the electronic doping
STM experiment® have shown that isolated MoSe chains level. Increasing the number of electrons of the system will
are also metallic and no Peierls transition occurs down to ataise the Fermi level. A doping of the order of 0.3 electrons
least 5 K. Figures @), 3(b), and 3c) show the calculated per unit cell is enough to fully occupy the doubly degenerate
band structures for an isolated wire, for an isolated wire pludand and reduce the number of conduction channels to 2.
two adsorbed Li atoms, and for a bulk crystal, respectivelyFurther doping will lead to the occupancy of the next band,
The two wire systems are one dimensional and are periodigaving only one conduction channel. On the other hand,
only in the direction of the wire axis. The bulk system is doping with acceptors will lower the Fermi level which
periodic in all three dimensions but its electronic structuremight increase the quantum conductance.
has a strong 1D character. The band structure plot in Fig. For a doping level of 2 Li atoms per unit cell
3(c) shows that the energy band dispersion is stronger in théLi,Mo,Se;) the stoichiometry of the wire corresponds to
I'-A direction—parallel to the wire axis—than in th&-L  the stoichiometry of the bulk crystal and the Fermi levels
direction. This is because bulk IMogSe; is a periodic ar- should align as shown in Figs(l§ and 3c). The main fea-
rangement on MoSe wires which are relatively far apart fromures of the band structure are the same as in the isolated
each other. All three systems are seen to be metallic, iMoSe wire, consistent with the picture of Li acting as a
agreement with experiment. There are 72 valence electrordonor atom. It is expected that other alkali atoms will also
per unit cell in an isolated MoSe wire. In the bulk crystal andtransfer charge to the wire and the effects on the band struc-
the isolated wire plus adsorbates there are 74 valence eletiire and Fermi level will be similar.
trons per unit cell. The two Li atoms donate their electrons to  Figures 4a) and 4b) show the measured normalized
the MoSe chain, raising the Fermi level and leaving the bandonductanc®—which is proportional to the LDOS—for
structure relatively unperturbed. The low-energy bands beMoSe wires deposited on Alil1) and highly oriented pyro-
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FIG. 3. Band structures and
charge density plo{a) band struc-
ture of an isolated MoSe nano-
wire, (b) band structure of a MoSe
wire with two Li adsorbates(c)
band structure of bulk LMogSe;,
and (d) electronic charge density
,‘ of states with energy close to the
N Fermi level, plotted on the plane
(a) (b) () of a Mo;Se; layer.
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lytic graphite (HOPG), respectively. Figure (¢) shows the the ideal tensile strength is an interesting quantity because it
calculated total DOS of an isolated MoSe wire. It is impor- establishes an upper limit on the strength. To calculate the
tant to note that what is measured is the local density oforce as a function of straiawe set the axial lattice constant
states, not the total density of states, which is calculatect to co(1+€) and relax all the atomic degrees of freedom.
Nevertheless, because there is no real distinction betwedRelaxation is an important step of the calculation because,
surface and bulk atoms in this system, it is still meaningful tofor each value of the strain, the correct stress corresponds to
compare the LDOS with the total DOS. A common feature ofthe ground state of the constrained system.
the three plots is the flat region of low DOS above the Fermi In Fig. 5 we plot the force as a function of strain. The
level which extends for more than 1 eV. This is associatednaximum force is 15.5 nN at a strain of 19%. It is interest-
with the highly dispersive band at and abokg [see the ing to compare this value with ideal strength values for car-
band structure in Fig.(@@)]. In the experiment, the first strong bon nanotubes. A nanotube can be viewed as a graphene
Van Hove singularity above the Fermi level occurs at abousheet rolled into a tubular shape. For similar calculations on
1.2 V slightly lower than the calculated value of 1.5 V. the ideal tensile strength of graphene sheets, there are two
Charge transfer from the substrate may account for this difdirections of particular interest. One corresponds to the axis
ference. In fact, shifting ugEr in the theoretical plot by of an armchair nanotube and the other corresponds to the
roughly 0.4 eV we can almost map the Van Hove singulari-axis of azigzagnanotube. Straining along the armchair di-
ties between Figs.(4) and 4c). This shift would raise the rection we find an ideal strength of 77 nN/nm and straining
Fermi level beyond the first Van Hove singularity abdye. along the zigzag direction we get an ideal strength of 71
By taking into account the band structure of the isolated wireaN/nm. The units are force per unit lengiiiN/nm) because
one can estimate that the amount of charge necessary for thisaphene sheets are two-dimensional objects. Since a single-
shift is roughly one electron per \j8g; unit cell. wall nanotube is a rolled-up graphene sheet, one can estimate
its ideal strength by multiplying the ideal strength of
graphene by the circumference of the tube. The smaller the
circumference, the weaker the tube will be. Typical tubes that
The total energy and axial restoring force for differentcan be synthesized are around 1 nm in diameter, which cor-
values of strain were calculated. For small values of straifesponds to a circumference of roughly 3 nm. Therefore the
we expect plastic deformation, i.e., reversible, linear restorideal strength of a typical nanotube is approximately 3 nm
ing force as a function of strain according to Hooke’s law. X 71 nN/nm~200 nN. We recall the value of 15.5 nN ob-
For an isolated MoSe nanowire our results show that théained for the strength of a MoSe nanowire and conclude that
force constant is 165 nN. Young’s modulus is not a well-the ideal tensile strength of MoSe nanowires is more than
defined quantity for nanowires because of the difficulty inone order of magnitude smaller than the ideal tensile strength
defining the cross-sectional area. If one defines the area of single-wall carbon nanotubes.
the wire as the area of a circle of radius equal to the distance
of the Se atoms to the axis of the wird£0.29 nnf), a
value for Young's modulus of approximately 570 GPa is
found. We describe first-principles total energy calculations for
As we increase the strain, the force will progressivelyMoSe-nanowire-related systems. The band structures for the
deviate from a linear regime and eventually will reach astudied systems reveal that they are all metallic. Li atoms
maximum value. This maximum force is thdeal tensile  bind to isolated MoSe wires at a site between two;5&
strength It represents the highest force sustainable by théayers, and the binding energy is roughly 2.5 eV per Li atom.
wire in an ideal situation where there is no symmetry breakThe band structures of the doped and undoped wires exhibit
ing of the structure. In reality one should expect the wire tostriking similarities, indicating that Li acts mainly as an elec-
break down for forces much smaller than the maximum forcdron donor and the Fermi level is raised according to the Li
due to defects or inhomogeneities of the stress. Neverthelesspncentration. This suggests that other alkali atoms would

V. IDEAL STRENGTH

VI. CONCLUSION
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(©) electronic properties depend on radius and chirality which
are difficult to control.
o We also conclude that the ideal strength of MoSe nanow-
o ires under tensile strain is 15.5 nN which is roughly one
a . . :
order of magnitude lower than the ideal tensile strength of a
L/L typical carbon nanotube. As a final remark we stress that,
. . although MoSe nanowires are not as strong as carbon nano-
-05 Ep 05 10 15 tubes, their easily controlled electronic properties present ad-
Energy [eV] vantages for electronic applications.
FIG. 4. Experimental normalized conductance(@ Au sub-
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