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Recently, the synthesis of a new phase of Mg stoichiometry was reportedl. Remskar, A. Mrzel, Z.
Skraba, A. Jesih, M. Ceh, J. DéarsP. Stadelmann, F."kig, and D. Mihailovic, Scienc92, 479 (2001)].
Electron microscope images and diffraction data were interpreted to indicate bundles of sub-nanometer-
diameter single-wall MogSnanotubes. After experimental characterization, the structure was attributed to an
assembly of “armchair” nanotubes with interstitial iodine. Using first-principles total-energy calculations,
bundles of Mo$ nanotubes with different topologies and stoichiometries are investigated. All of the systems
are strongly metallic. Configurations with “zigzag” structures are found to be more stable energetically than
the “armchair” ones, though all of the structures have similar stabilities. After relaxation, there remain several
candidates which give a lattice parameter in relative agreement with experiment. Further, spin-polarized cal-
culations indicate that a structure with armchair tubes iodine atoms in their center acquires a very large
spontaneous magnetic moment oful2 while the other structures are nonmagnetic. @winitio calculations
show that in most of the other structures, the tubes are very strongly bound together, and that the compounds
should be considered as a crystal, rather than as a bundle of tubes in the habitual sense.

DOI: 10.1103/PhysRevB.68.045423 PACS nuniber61.48+c, 73.20.At, 73.63-b

Unidimensional nanostructures, and in particular nano- The aim of the present paper is to compare the stability of
tube systems, have received a great deal of attention in thdifferent structural models for the bundles, using first-
past decade. Many interesting properties are directly assodi¥inciples calculations, in the quest for lower-energy struc-
ated to the small dimensions and high anisotropy of thestires which remain coherent with experimental data. In the
intriguing tubelike structures. Potential applications rangefollowing section(l), we present the models studied, and the
from nanoelectronics to efficient field emission, and materitechnical details of our simulation methods. Then in Sec. Il
als with exceptional mechanical strengt8arbon nanotubes W€ present results on the relative stability of the different
were the first to be synthesized in 199%ince then, several Phases. Section Il contains the comparison of the relaxed

groups have demonstrated that the synthesis of nanotub&ffuctures. Follows Sec. IV with the analysis of the electronic

could be achieved with other layered compounds, such axructure of the most interesting phases, and of the unex-

hexagonal boron nitridehcBN),3-5 the family of layered pected magnetism found in one of the structures. Finally, we

structures of BG and BC,N, stoichiometry” the metal discuss the results more globally, compare them with experi-

dichalcogenide family and many others. The first such struc[nent’ and conclude in Sec. V.

ture to be synthesized was a nanotube of the dichalcogenid
family (i.e., WS, MoS,) which consisted of alternating lay- @ W % c=4.0
ers of metal and sulfd'° These multiwall nanotubes were o r o ,

produced by passing reactive gases such&adver films of % v > /,
W or Mo in reducing atmospheres. During the reaction, cy- ~$ v
@

lindrical structures a few dozen nanometers in diameter anc

./,
of micron length are formed. Metal dichalcogenide nano- ) L 4
structures have been used as very high aspect-ratio scannir - @
microscope tips! and also exhibit interesting lubricating . <
properties-? o I
Recently, the synthesis of MgShanotube bundles with — 2
very small diameter tubes has been repotfeihe nano- (a) (b)

tubes are homogeneous in size and the bundles contain ic® S
dine, which is used as a transport agent, in proportions 1 Mo
for 2 S for 1/3 I. Transmission electron mlc_rosco(ﬂEM) MoS, (3,3) armchair nanotubes, proposed in Ref. 13. An entire
|m<_elges reveal hexagonally packed tubes6 W'th 9.6A t?e“"’eef&losz tube [Mo: large black(red in color versiop S: small light
adjacent tube axes. The space gréii (Cg) is compatible  gray (yellow) spherekis present at the center, surrounded by six
with electron-diffraction images of the bundles. A potentialjodine atomdl: dark gray(blue) sphere$and the edges of neigh-
structural model in which the iodine is placed in high- poring tubes within a X2 unit cell. An isolated Mo armchair
symmetry interstitial positions between the tubes, was als@anotube is extracted from this structure and depicted along its axis
suggested, and is illustrated in Fig. 1 in (b).

FIG. 1. (Color onling (a) Axis-on view of a periodic array of
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a=e.84 & a=8.68 A
(a) (b)
(a) (b)

FIG. 2. (Color onling (a) View of a cross section of a periodic ) ] ) o
array of Mo$ (3,0) zigzag nanotubesb) Side view of an isolated FIG. 3. (Color onling (a) View of a cross section of a periodic
MoS, (3,0) armchair nanotubes extracted from the structuréjin array of MoS (3,0) zigzag tubes with iodine centered in the tube

channels.

. MODELS AND TECHNICAL DETAILS “in-tube” or centered positions, as the iodine then lies in the

A. Model systems for the MoS NT bundles channels of the tubes for the initial nanotube model. We em-
0rfhasize that these are naming conventions, labeled with re-
spect to the initial structure; the relaxation of these systems
to their equilibrium positions in several cases completely

We first consider the model as a hexagonal assembly
nanotubes of Mos As shown in Ref. 14, a realistic topol-

ogy of free-standing MoSnanotubes is obtained similarly to o .
2 changes the structuféhough not the position of the I, which
that of carbon tubes, with half the carbons replaced by Moare fixed by symmetiy

and the other half by two sulfur atoms: one inside and the™ . . . ] .
. . . Six model systems are thus investigated: armchair tubes
other outside the average tube radius. The construction of. o ! ;
with interstitial | (the model proposed in Ref. 13 Fig. 1 and
fullerene-type systems by the same method allows the tubq§

: . o Fig. 4), or with centered [Fig. 5 and 6. Then zigzag tubes
to be cappe@ while respectlng the stoichiometry anq tOpoWith interstitial (Fig. 2) or centered [Fig. 3). Finally the two
logical conditions. Only large diameter tubes are predicted a3hases with less sulfur. M6 (Fig. 7) and M (Fig. 8
stable, and indeed are observed experimentally. Making R . M8, (Fig. @S (Fig. 8),

bundle out of very small diameter tubes introduces very dif-WIth centered iodine atoms. The equilibrium geometry of

ferent constraints, as we will show in Sec. Ill. each of these phases is represented in Figs. 2-8.
Each nanotube topology can be characterized by two in-

dices ,m) giving both the helicity and the circumference B. Simulation methods and technical details

(na+mb) of the tube in the 2D basisa(b) of the layered We have perfprmed fir:'st-principles calculations_ of nano-
MoS, structure. This defines two particular achiral symme-tube bundles using density functional thedBFT) in the
tries, the “armchair” (,n), and “zigzag” (n,0) classes®  generalized-gradient approximation (GGA) of
All other (n,m) nanotubes withm#n are chiral. Perdew-Burke-Ernzerhotf, as implemented in thesINIT

The bundles we consider to begin with are assemblies dpackage-’ The wave functions and the density are expanded
both zigzag(3,0) and armchai¥3,3) configurations, with io- On a plane-wave basis set. A kinetic-energy cutoff of 40 Ha is
dine first in interstitial then in “in-tube” positions along the used for the plane waves. The interaction between valence
tube axis. Sulfur being a lighter element than iodine or mo-
lybdenum, there is more uncertainty in its stoichiometry

—@ @ .
from the EDX experiments of Ref. 13. Two systems with less § ® "& ® c=3.32 A
ol vl

sulfur content are therefore also modeled, with stoichiom- '*

etries MgS, and MgSs. The unit cell contains 6 Mo, 2 | .w

atoms, and from 6 to 12 S atoms. .w »
For all configurations, the unit cell was kept hexagonal, a @ ®
and the space group of the system was alway\ﬁ(I%), as “ ¢ 9-"'_ v g’* o
suggested in Ref. 13. This is one constraint which could be * ‘oo v * ‘e v d
loosened to search for other MpBhases. ———
Based on the experimental stoichiometry of one iodine for a=11.05 A

three molybdenum, we suppose that the | atoms sit in high (a) (b)
symmetry positions foP65. There are two possibilities. Ei-

ther in (1/3, 2/3, 0 and (2/3, 1/3, 1/2), which we will call FIG. 4. (Color onlin® (a) View of a cross section of a periodic
the interstitial positions, in reference to the initial structurearray of MoS (3,3) armchair nanotubegb) Side view of an iso-
proposed by Remskast al. (see picture aboveOr, the i0-  |ated Mo$ (3,3) armchair nanotubes extracted from the structure in
dines can lie in (0,0,0) and (0,0,1/2), which we will call the (a).
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FIG. 7. (Color online (a) View of a cross section of a system of
Mo,S, with iodine centered in the channels of the;Shtype struc-
ture

FIG. 5. (Color online (a) View of a cross section of a periodic
array of Mo$S (3,3) armchair tubes with iodine centered in the tube
channels. Spin-unpolarized calculation.

Il. ENERGETICS
electrons and ionic cores is described using norm-conserving
fully separabl&® pseudopotentials for I, Mo, and S of the
Trouiller-Martins type™®

The atomic positions and lattice constants are allowed t

In this section we consider the relative stability of the
different MoS systems. The four nanotube systems we con-
gider have the same number of atoms of each atomic species,
relax completely using the Broyden algoritBfuntil the S0 the_ comparison of their relative stability is simple. How-
¢ | thanss10-4 eV/A and the st | ever, in the case of the M§, and Mq;Ss systems, we have
orces we[ea ess than eViA an € SWesSes 1SS 4 choose reference systems in which the energy of one Mo,
than 3<10"~ GPa. The one exception was the armchair cens o | atom is well defined, in order to determine the relative
tered system with spin polarization, Wgose forces andinging energies. This choice will influence the final result:
stresses saturated at a value less thari® “ eV/A and 5 for example, choosing isolated atomic iodine as a reference
X10"* GPa. The resulting displacements of atoms wereyjll favor all systems where the iodine is bound. Choosing
smaller than 0.05 A from step to step, and showed no driftgiatomic iodine will reduce this dependency, as | rhas a

so the positions were considered converged. lower energy.

The relaxation can be very lengthy due to soft modes of The reference system of greatest interest in our case is
vibration, in which the tubes rotate around their axis. Theplanar hexagonal MgS This is the bulk substance that is
total energies are converged to less than 2 meV per atomsed in experimental synthesis, and is the most stable phase
with 8 k-points sampling the irreducible wedge of the Bril- of MoS,. The choice oh-MoS, gives the additional advan-
louin zone. A cold-smearing broadening of 0.(da) was tage of providing an external reference: instead of just con-
used to accelerate the convergence with respect to the nuraidering the relative stabilities of the compounds, we can
ber of kpoints?1?2 evaluate their “absolute” stability. Crystalline MgS$s natu-
rally composed of graphitelike layers, bound together with
Van der Waals interactions. The difference with h-MsS
binding energy represents the strain needed to roll up the

€
€

~Q:ﬁ:v c=5,011%d!’:9..
s;' sj’::s ‘?“

SIS LS %
- - 'U ®
9 ",u "Qs 0!’..-0
a=10.24 A .
() (b) a=8.20 A
(a) (b)

FIG. 6. (Color onling (a) View of a cross section of a periodic
array of MoS (3,3 armchair tubes with iodine centered in the tube  FIG. 8. (Color online (a) View of a cross section of a system of
channels, from a spin-polarized calculation. A permanent magneti®ogS; with iodine centered in the channels. The structure re-
moment of 125 appears, and the structure relaxes to a significantlysembles a carbon nanotube, with half the atoms replaced by Mo and
different minimum. the other half by S.
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TABLE |. Binding energies for different MoSbased systems. h-Mg$s the standard planar compound, the second column gives the
value for the model from Ref. 13. zz interst: zigzag nanotubes with interstitial iodine. arm interst: armchair nanotubes with interstitial iodine.
zz chan: zigzag tubes with iodine in the tube chanfesteredl arm chan: armchair tubes with iodine in the tube chanfeelstered arm
chan spin: as arm chan, from a spin-polarized calculationsSyland Mq;Ss: see text and Figs. 7 and 8. Energies are calculated subtracting
the energy of isolated atomic species.

Binding energy  h-Mo$ model Ref. 13 zz interst arm interst zz chan arm chan arm chan spin ;S;Mo Mo0gS;

(eV/atom —4.16342 —2.15224 —3.29970 —3.12115 -—3.18747 —2.71013 —3.02626 —2.70933 —2.81005

S-Mo-S layer, the interaction between tubes, and the bindingtom) higher still. We thus have a set of phases with different
energy of Mo and S with the iodine. For reference18,0 atomic arrangements and similar binding energies.

carbon nanotubéwith a diameter of around 8 JAis esti- The two main characteristics of our system, compared in
mated to have a strain energy of 0.1 eV/atom based on gparticular to h-Mo$ or to the large diameter free-standing
LDA calculations? tubes, are the bundle structures and the presence of iodine.

The binding energies presented in this section are calcu@n one hand, the iodine can bind with both molybdenum and
lated as follows. First a simple calculation is carried out forsulfur, lowering the total energy. On the other hand, bonding
isolated atoms of Mo, S, and I. Then, the energy of thesevith neighboring tubes expands each tube’s diameter, reduc-
atoms is subtracted from, on the one hand, our phases afg its curvature, and thus decreasing its internal strain. To
interest, and on the other hand a triple-layer of planar MoS separate the contributions of iodine binding and intertube
Finally, the energy is divided by the number of atoms in thebinding, we first calculate the energy of a bundle without
system. This gives a uniform definition of the binding en-iodine. Then, a further calculation is carried out in which the
ergy, whatever the stoichiometry, and allows us to comparéubes are separated by several A. Is this way the two differ-
the energy of the systems with the reference of h-Ma®d  ent contributions can be estimated.
with the off-stoichiometry cases. Our results are summarized This procedure is carried out for the most promising sys-
in Table 1. tems presented thus févest binding energy and best geom-

The results refer to spin unpolarized calculations. Addingetry, respectively viz. the zigzag interstitial and armchair
spin polarization showed no magnetic moment in any systermentered spin-polarized systems. The zigzag interstitial sys-
except the armchair tubes with centered iodine. In this caséem without iodine is found to be 5.6&V) higher in energy
quite surprisingly, a huge magnetic moment ofu}2is (Mo binding to the two | atoms However, as there are fewer
found to be stable, and further relaxation of the geometri@toms in the system, the binding energy per atom is slightly
structure occurgsee below for the details of the geometrical more  favorable: —3.35 (eV/atom) instead of
and electronic effects, and a discussion of the calculation —3.30 (eV/atom) with the iodine. When we further separate
As far as the energy is concernéBhble | column arm chan the tubes by about 7 A, the system is then 1Y) [i.e.,
spin) it is naturally lowered with respect to the spin- 0.65 (eV/atom] higher in energy than the bundle with io-
unpolarized case for armchair tubes with | in the channels.dine. We emphasize that the tube was not allowed to relax to

We can see from the table thatMoS, remains substan- its equilibrium diameter, so the energy difference is only due
tially more stable than even the best phase by almdsivl  to the binding between neighboring tubes. Since the tubes
atom). This is due to the strain energy which is added be-have precise M@, stoichiometry, we expect no dangling
cause of the strong curvature present in all these structurdmnds, and negligible Van Der Waals interaction between
when compared to the planar sheet. The model from Ref. 18ibes a this distance.
is naturally not the most stable: it was proposed based on In the armchair centered case, extracting the iodine actu-
symmetry and volume considerations only, and had not beeally gives a slightly more bound system, by 0.&V). This
refined with energetic or steric considerations. The mosieans the iodine is not binding to any of the species, and it
stable phase is found to be zigzéay) tubes and interstitial even repels the surrounding atoms. This corresponds to the
iodine. The other nanotube-based structures, including thpicture of Fig. &b) where the iodine appear bound to each
spin-polarized armchair case with centered I, come nextther but to nothing else. As a result, the binding energy per
within less than 0.2%eV/atom from the zz interstitial value. atom is —3.39 (eV/atom), even better than in the zigzag
Finally, the two off-stoichiometry models are some (e¥/ interstitial case above. Separating the two tubes in each unit

TABLE Il. a andc hexagonal lattice parametef&) and unit cell volumes (& for MoS, based compounds in zigzag and armchair
configurations, with | in interstitial and centered positions, and in®@nd Mqg,Sg configurations as explained in Table I. The first column
gives the corresponding values used in the model in Ref. 13, estimated using TEM and x-ray diffraction data.

model Ref. 13 zz interst arm interst zz chan arm chan arm chan spin  3S;Mo  MogSq
a 9.6 8.84 11.05 8.68 9.87 10.24 9.11 8.20
C 4.0 5.58 3.32 6.28 4.68 5.01 4.73 4.96
volume 214.04 235.81 253.41 274.4 264.8 304.9 228.2 193.9
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TABLE llI. Bond lengths(A) in (MoS,)sl, compounds for nanotube-based configuratiGarsnchair and zigzag tubgswith
iodine in interstitial and centered positions. The last line shows S-Mo-S angles in degrees.

species-

pair Z7 interst arm interst Zz center arm center arm center spin

Mo-Mo 3.06 3.32 2.83 3.59 4.15,4.36

Mo-S 2.32,2.37,2.40,2.46,2.53 2.44,2.45,2.55,2.60,2.91 2.33,2.36,2.412262.61,2.65,2.79 2.35,2.49,2.62,2.98
2.51,2.55

Mo-I 2.64 3.33 3.85 3.70 3.61

S-S 3.26,3.35,3.37,3.40 2.93,3.01,3.29,3.32 2.86,3.11,3.17,2.34,2.78 2.84,2.92
3.38,3.45

S-l 2.96,3.33,3.42 3.09,3.87 3.61,3.69 3.27 3.31

-1 5.58 3.32 3.14 2.34 2.44

as-Mo-s 87,91.6,93,174 69,72,86,84, 133,136,146 85,93,73,123,147  90,94,101,124 79,101,103,111

cell by 6 A raises the energy by 0.7&V/atom. This value is The two zigzag configurations and W& have lattice
comparable to that obtained for the manifestly bound zigzagarameters smaller than the experimental value; armchair
interstitial case, which implies that the tubes are still stronglytubes and MgS, give a largera. The c lattice parameter is
bound together: although the distance between atoms isystematically too large, except for the armchair interstitial
separate tubes of the relaxed structure is larger, the clustecase. The specific case of the armchair configuration with
of M03S; are interleaved, and still interact with neighboring spin-polarization presents the largest volume. This is prob-
tubes. ably the effect of same-spin electron repulsion: the total
magnetic moment is large, and the majority spin state is very
populated. MgSg is the only system with a small unit cell
volume. This is natural, as the number of sulfur atoms is

The relaxed atomic structure of the solid state phases is such smaller than in the other modgl instead of 12
very important criterion to extract interesting models fromSimilarly, the volume of MgS, is lower than that of the
the chaff. In the GGA, most lattice parameters can be calcuether systems. Globally, the overestimation of the volume is
lated to within a few percent of experiment. Exceptions arean effect of the GGA approximation which usually overesti-
systems with long-range or Van der Waals forces, which arenates distance@vhereas LDA underestimates them
not accounted for in standard density functionals, or highly
ionic systems, in which the pseudopotential approximation
could become apparent. Our system could fall into the first of
these categories, asMoS, displays VdW interactions be- ~ The types of bonding vary widely between the different
tween its layers. Nevertheless, we expect at least reasonaiieodels. The bond lengths and the angles between bonds in
agreement with the experimental valuesae£ 9.6 A andc the different relaxed structures are collected in Tables Ill and
~40A IV. Values are also given for the initial model in Ref. 13,
along with the VdW and covalent radii, and the bonds in
h-MoS,. The fact that GGA usually overestimates distances
must be kept in mind when analyzing the bond lengths.

In this section we present the relaxed lattice parameters Covalent bonding appears between Mo and S in all cases,
and atomic positions for the six phases described above. THaut the initial nanotube structures are completely distorted.
lattice constants and unit cell volumes are summarized ilBonding appears between tubes and forms a three-
Table 1. dimensional(3D) lattice in the zigzag cases, the armchair

Ill. GEOMETRY AND RELAXED STRUCTURES

B. Bond lengths and angles

A. Lattice parameters

TABLE V. Bond lengths(A) in (MoS,)gl, compounds, and the model from Ref. 13. Column 5 shows the Van der Waals radii, column
6 the covalent radii, and column 7 the bond lengths in crystalline M@8e last line shows S-Mo-S angles in degrees.

species-pair Mg, MogSs Model of Ref. 13 VdW radii covalent radii h-MoS,
Mo-Mo 2.46 2.30 351 2.60 3.15
Mo-S 2.43,2.50,2.76,2.86 2.51,2.63,2.68 2.46,2.49,3.36 2.32 2.35
Mo-I 4.23 3.75 3.37 2.63

S-S 3.00,3.49 3.26 2.49 3.6 2.04 2.98, 3.66
S 3.49 3.42 2.79 3.78 2.35

-1 2.37 2.48 4.00 3.96 2.66

as.Mo-s 82,91,180 79,172,127 60,90,108,122,146 101
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FIG. 9. Band structure of a bundle of armchair Ma&notubes FIG. 10. Band structure of a bundle of zigzag Ma®&notubes
with interstitial I. with interstitial I.

(3,0 tubes should be highly unstable. Furthermore, accord-
ing to the trend in Ref. 14, these isolatedni},tubes should
have very small diameters5 A.

The atoms which should correspond to individual nano-
bes, cut out of the bundles, are shown in pénjsof Figs.
—8. The effective diameter of the “tubes” is found to be
é“nuch larger: 8 A for the zigzag and 8.5 A for the armchair
tubes. In the armchair centered structure, the effective diam-

centered position binds to itself, whereas there are man?ﬁer IS 8.t3l:')&. On;:.ehtf;e strrl:cture IS allowedlst(l)&sdpm p(zlarlze,
I-Mo bonds in the interstitial structures, and the whole struc- '€ NEW WDES WNICN Torm Nave a very smaib A diameter, |
ture is tightly bound but a topology which is different from the original armchair.
The Mo;S, structure is interesting, consisting in small
clusters of three Mo and three S atoms, capped with an S V. ELECTRONIC STRUCTURE AND MAGNETISM
atom above and below. The clusters are separated from each
other by roughly 2.9 A, and are stacked in alternating planes . ,
at the (1/3,2/3,0) and (2/3,1/3,1/2) positions of the hexago- In Ref. 13itis suggested that the tubes should be metallic.
nal unit cell. In order to check this, we calculate the band structures of the
The armchair centered structure also shows an interestingious bundle systems. All of the systems are metédion-
evolution: from the initial nanotube structure, the spin-trarily to h-MoS, which is an insulator
unpolarized relaxation gives an exploded structure with Figures 9 and 10 show the electronic band structure for
S-Mo-S units. The further spin-polarized calculation recon-the armchair and zigzag bundles, respectively, with iodine in
stitutes clusters, as in M8,, which are hexagons of M6 the interstitial position. Both systems are also metallic along
in alternating layers once again, and separated by 2.7 A. Th@e_tube axis[-A line). This is consistent with calculation_s
hexagons overlap each other with sulfur atoms, but can bfor isolated nanotubéjé,where the band gap increases with
seen as interlaced tubelike structures. With respect to thedB® tube diameter, and is close to O for diameters around
new tubes, whose axes are now at (2/3,1/3) or (1/3,2/3), thg—10 A. But both bundles are also metallic in the direction
iodine is once again interstitidthough still at its original perpendicular to the tube axis. ThIS.IS a further consequence
(0,0,0 positior]. The tube packing is no longer simply hex- of the strong bpndle structure. In Fig. 11 the band structure
agonal: the two tube positions alternate on a hexagon arourl@" the armchair centered case is shown.
the channels of iodine. The configuration is shown in part
of Fig. 6. B. Magnetism
.The. coordination of MQ can vary strongly in its different  The entire set of systems was recalculated in spin-
oxidation states, so the wide variety of S-Mo-S angles shouldy4ized DFT where two spin orientations are allowed. The

not come as a surprise. Only the armchair centered casgchange-correlation energy then depends on both spin-up
(with or without spin polarizationpresents angles similar to 54 spin-down densities, or equivalently on the total electron

those inh-MoS,, but the trimers of S-Mo-S involved are not gensity and on the magnetization densitge Ref. 16
strictly perpendicular to the tube axis.

Our findings can be compared with the isolated MoS N (X)—n(x)
nanotube calculations of Seifeet al!* who used a DFT- EX)=———
basedtight-bindingmethod: the tubes are found to be stable
for large diameters®% 20 A), and their strain energy follows Among the six systems, only the armchair centered case dis-
a 1D? law whereD is the diameter of the tube. Extrapolat- plays a net magnetic moment. This is very intriguing, as the
ing their calculations of strain energies, stand-al(®8 and  different configurations can be very similar in stoichiometry

interstitial, and in M@Sg. In the armchair interstitial struc-
ture, the intertube Mo-S bond is 2.60(Alightly longer than

the 2.39 A intratube distangebut in the zigzag case there
are Mo-S intertube bonds of only 2.32 A, and the intratube
bonds are either 2.27, 2.33, or 2.44 A. The systems are th
very strongly bound and the structures are not so much
bundle of loosely held tubes as a kind of zeolite structur
with nanochannels at the center of the “tubes.” lodine in the

A. Band structures

1)

n(x)
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: T FIG. 12. Difference between spin-up and spin-down electron
e RN I densities, slice of the unit cell of a bundle of armchair M@&no-

: B R | tubes with centered I. Spin-up density is dominant in spheres
A L L A r K M r around the sulfur atoms. The isolines follow multiples of

FIG. 11. Band structure of a bundle of armchair Ma&no- 0.01 (electrons/Bof.
tubes with centered |.

a number of different oxidation states, from2 to +5 or
deven+6 with fluorine (in MoFg). The presence of iodine in

and/or geometry. A slice of the difference in spin-up an r{he lattice complicates the balance: the iodine can be ih a

spin-down densities is shown in Fig. 12. The magnetizatio

is localized around the sulfur atoms, in rough spheres witF @ neuFraI(O) state. In all the centered cases, the proximity
the spins aligned parallel to each other. The initial spin-u of other iodine atoms and the greater distance from Mo and

0 - o
spin-down symmetry must be broken in order for the systenﬁs make the 0 valence more realistic. This is also coherent

: : . ‘L .~ with the binding energy of iodine in the armchair centered
to converge to its physical minimum. This is done by Startlngcase(see belov)? In theg?/nterstitial cases, the iodine is much

from initial densitiesn; andn, which favor the up or down ore closelv bound to Mo or S. and is more probably |
density on certain atoms. We also tested that the aligne ome of theyMo should becom{e\,/ but by s mmztr aIIB(/)f
configuration is the minimum of the energy when the startin ) ' y sy y .

he atoms are equivalent, so the formal valence state is a

density has antiparallel spins on the two inequivalent sulfu . .
atoms. A simulation of the system without the iodine atomspartIal +4.333. In the case of Mg,|, the formal valence is

also reveals a similar magnetic moment. satisfied for T, if the Mo are+3. .
The zigzag tubes with centered | have a very similar '!'he +3 state should corrgspond to an octahedral coordi-
structure in thex-y plane, and the molybdenum atoms arenation of the Mo, as explained in Ref. 24. In b& and

; : : 06Ss, the Mo are in clusters with three Mo, bridging S
roughly in the same place. However, in the armchair case thy’ioms, and additional capping S for M&. This follows

sulfur are in the same plane as the Mo, whereas for th& v abl Il the distorsi fthe latti b din Ref
zigzag case they are in alternating planes halfway betweelf markably wellthe distorsion ot the latuce observed In Ret.
4, where three atom Mo clusters are also formed. The pres-

the Mo. As a result, the zigzag structure has a smaller fLi odine | h th

lattice constant, and a larger the armchair configuration ence o L1, or lodiné In our case, can change the average
has to accommodate all the Mo and S atoms in the sam\éal.ence by adding or subFractlng an electron, and favors me-
plane, and thus becomes larger. In both cases there are SEﬂjlll\; MCZMO borlc/(lj forrplau?dni dto M h

furs which bridge from one Mo atom to another, but in the 0+4, as in Mo$ should lead to Mo atoms at the center

armchair configuration there are also S atoms with only oné’f tr_igonal _prisms. Mer3 or +52i55 roughly oct_ahedral once
close molybdenum. again, as in MoGl and MoC}.“> The only difference be-

tween the trigonal and octahedral shapes is the elongation of
one axis. In the armchair interstitial system the environment
is trigonal prismatic but is severely distorted. A seventh sul-
The binding energies of all the phases are within an interfUr atom is present at 2.9 A. For the armchair centered
val of 0.5 (eV/aton. In these conditions, one can envisagemOdelv the Mo is in a distorted octahedral site, but two of the
their coexistence, and the phase which will actually be synsulfurs are at 2.7 A, and one apex is an iodine which is far
thesized will depend very strongly on the experimental con@way at 3.6 A. This difference in coordination is suggested to
ditions, on the catalysts used, and on the kinetics of the rePlay a key role in the magnetization which appears. The
action. We now consider the experimental data and othefoordination of the sulfur is also particular in this system:
criteria which can help us evaluate the different models, anderé are S atoms with only one close Mo neighbor. The

propose new directions for research on these materials.  Other systems always present S which is at least two-fold
coordinated.

The zigzag interstitial system presents almost perfectly
octahedral coordination for Mo, with one iodine neighbor:

The natural valence states for S'i2, and therefore a Mo each S and each | is shared by three Mo atoms. The structure
which is+4 (as in MoS) satisfies the valence. Mo can adopt is strikingly similar to that of MoCJ, which also creates

V. DISCUSSION

A. Formal valence and coordination
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hexagons of Mo linked bydivaleny Cl atoms. In the zigzag lodine often substitutes for sulfur atoms in inorganic com-
centered model, the Mo is eightfold coordinated: three-atonpounds. This effect could contribute to the residual iodine
Mo clusters form(as in Mg;S, and MqS;), and the sur- which is not desorbed. However, we have not studied the
rounding octahedron of sulfur is still present. energy of substitution here, because of the stoichiometric
To sum up, the coordination of Mo is always octahedral-amount of the iodine in the compound, and the manifest long
like, but in the armchair cases it is more severely distortedrange periodicity of the system. There is too much iodine for
Octahedral is the preferred coordination for Mo in clustersthe atoms to be randomly substituted. It is more probable that
and solids; the trigonal coordination only appearing for ex-they occupy a given optimal place in the lattice. Neverthe-
actly +1V valence, as irh-MoS,. Perfect trigonal coordina- less, adding iodine substitution opens many additional routes
tion never happens in our systems, either because of a frate model building, which should also be considered.
tional valence, or for sterical reasons.

E. Stoichiometry

B. Intertube binding Precise measurements of the stoichiometry of the bundles
ould bring precious evidence for further simulation work.
s shown by M@S,, a similar lattice parameter and binding
nergy can be obtained with a sulfur-poor phase.

In the Mo;S, and the armchair centered systems, there ar
loosely bound clusters of atoms. This is important, as Rem-
skaret al*® report that by sonication they can separate ropeg
of very small numbers of tubes from the bulk bundles. It
would be interesting to analyze the chemical composition of F. The effects of helicity

the rope(for example by electron energy loss spectrosgopy  Hsu et al. reported the synthesis of Mg®anotubes with
to see if it still contains iodine or if the dispersion succeeded; new method using MoSowder instead of the MoQ(Ref.
in isolating just Mo$ tubes. The tight covalent bonding be- 27) used previously. This is similar to the process used by
tween all atoms in the other models studied would seem tRemskaret al,*® and in both cases tubes grow perpendicular
preclude this possibility. In carbon nanotube bundles, the intg the substrate. Hset al. argue that this type of perpendicu-
tratube binding is very strongimilar to the in-plane graph- |ar growth favors zigzag tubes, and they observe zigzag
ite sp” bond, and the interaction between tubes is muchstructures in the tubes they synthesize. The energetics sug-
weaker(Van der Waals The dispersion of individual carbon gest this is could be true: the zigzag tubes are more stable,
tubes is thus fairly simple. with | centered or interstitial. However, the difference in
binding energy is small, and the lattice geometries suggest
the experimental phase is not one of the zigzag ones, as they
both underestimata (which should be overestimated, based
Experimentally, pumping over the Mg®undles releases on the considerations in Sec.)ll
almost all of the iodiné® In the interstitial cases, the extrac-  As the experimental tube spacing is intermediary between
tion of the iodine will be difficult, as the binding energy for those we find for zigzag and armchair tubes, it is natural to
the zigzag tubes is positive. However, the system is morehink of intermediate-diameter tubes, with,m)=(3,1), or
stable in energy per atom in the final state. This is probably3,2) as possible candidates for models. The resulting struc-
due to the “frustrated” valence of Mo described above. Inture will probably be distorted, as it is observed (8/0) and
the armchair centered configuration, the expulsion of ioding3,3) tubes, but the relative dimensions of the systems could
is almost certain: no binding occurs, and the iodine is probbe conserved. As the size of the repeated periodic cell in-
ably alreadym a O valence state, so no charge transfer to thereases dramatically for chiral tubg., 260 atoms fo(3,1)
lattice is needed before tan escape. The iodine only takes and 380 atoms fof3,2) instead of 20, due to the tube chiral-
up space in the crystal, which explains why the system reity and the added iodifjetheseab initio calculations would
laxes even further when the | is extracted. The binding enbe lengthy, given the difficult relaxation and soft modes
ergy per atom in the lattice is then more advantageous withpresent. Further, we do not believe that this is a very prom-
out iodine. As experiment demonstrates the presence of | ising path, for several reasons. For one, the high degree of
the lattice, it is probable that kinetic factors dominate, and Icrystallinity of the system would be blurred. With chiral
is incorporated into the lattice during its formation. nanotubes, diffraction spots are doubled according to the chi-
ral angle of the tube®?° and the spots are rotated with
respect to the tube axis. Also, the relative stacking of the
tubes would have to be fixed, or even more disorder would
Since the iodine in our systems is and insertion compobe present in the system: in a bundle of tubes with interme-
nent, a natural way to change the lattice parameter is byliate helicities, there can be an offset, along the tube axis,
adding or removing iodine. The quantity of iodine actually between equivalent atoms of any two neighboring tubes,
incorporated in the lattice will determine how bloated it is, which adds additionalinterna) degrees of freedom to the
and once the iodine is extractedwill return to its equilib-  system.
rium value. Another possibility is the substitution of | forone  The apparent uniformity of the bundles throughout the
of the S atoms. lodine has a larger ionic radius, but only onéfur” described in Ref. 13 is actually strikingly different
valence electron to take from the system, instead of two fofrom carbon nanotube bundles, which are never mono-
sulfur. helical once they pass a certain size, and the individual tubes

C. lodine desorption

D. lodine as an insertion component
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also have a spread of diameters. This can be explained byralatively similar binding energies. Further experimental

crystal structure like those we present in this article: 3Dwork will be needed to determine whether the phase in Ref.
growth would create only one type of “tube” or crystal. All 13 is among them, and if some or all of the systems we have
previous synthesis of MgSnanotubes and fullerenes had reviewed can be synthesized by changing the experimental

yielded multilayer structure®¥:?’ conditions. Other Mogphases can be generated by changing
the symmetry or the stoichiometry even further. We believe
G. Electronic structure the most representative examples have been covered here,

. , , ) i.e., those with the space group proposed from experiment,
The metallicity of the bundles is something which shouldgnqg \which conserve the experimental stoichiometry for the
be easy to measure by scanning tunneling MIcroSCOPKeayier elements Mo and I, and S when possible. In each
(STM). Further, scanning tunneling spectroscof§TS  gystem, there is only one irreducible Mo atom, and two S
could differentiate between the proposed structural model§ioms: all the other positions are deduced from the symme-
based on their local densities of states. STM would also bg,,
an interesting complementary technique to study the atomic” |, the interstitial systems, the iodine is more tightly bound
structure of the bundles. This will probably necessitate low+q the |attice. This is a first important test for experiment: can

temperature STM experiments, for atomic resolution and fog| of the jodine present in the bundles be extracted, or only
accurate STS measurements. . a fraction, or none at all? Only the armchair centered and
.The unexpected mag_neuc results could be verified IocaII)M0354 systems present Van der Waals interactions in the
with magnetic force microscopy. One could presume théane perpendicular to the bundle axis. As such, the second
magnetic structure is erroneous, in particular the error coulginnortant experimental criterion is the dispersion of small
be due to the pseudopotential approach and the absence Qfands of the phase, which excludes the possibility of strong
dynamic interactions with the core electrons. However, '”binding between the strands in the bundle.
this case the error should be present in all of our very similar  \ye hope that the present study will stimulate more experi-

structural models. The fact that only one of the systems prémental work on these small-dimensional dichalcogenide sys-
sents a magnetic moment, and that this moment is very stablg s in order to provide evidence of their structure at the

with respect to geometric relaxation, magnetic perturbationg;omic level. This could be done using STM or MFM imag-
and the extraction of the iodine leads us to believe that theng or EELS studies of the bundle stoichiometry. The cata-
moment is a true physical characteristic of the atomic CONiytic mechanism of G still has to be clarified, and could

figuration. Nevertheless, we hope that this result in particulag,eq light on the charge state of the different elements in the
will be checked in the future using all-electron methods. system.
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