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Ordered phases of atoms adsorbed in nanotube arrays
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The low temperature properties of matter confined in an array of narrow one-dimensional channels are
discussed. Weak interchannel interactions can stabilize a crystalline phase. The melting transition is expected
to be continuous for both two- and three-dimensional arrays. Possible experimental realizations are suggested.
Crystals of noble gas series elements confined inside 1 nm wide nanotube arrays are expected to be stable at
temperatures up to 1 K.

The effect of geometric confinement or reduced dimenthan one atom is allowed per cross section of the channel.
sionality on the properties of matter has attracted much at(This condition can be easily met in an experimemthe
tention over the years. It is well known that fluctuations be-figure may represent a flat two-dimensional array of nano-
come increasingly important as dimensionality is reducedtubes deposited on a surface, or a two-dimensional cross sec-
making it impossible for one-dimensional systems with finitetion, containing the axis of the tubes, of a three-dimensional
range interactions to ordefexcept at zero temperatre  array.(In a 3d array, the channel cross sections would oc-
Steady progress in materials science provides an ever growupy the sites of a honeycomb lattice, if the guest atoms are
ing number of experimental realizations of one-dimensionalnterstitially intercalated, or the sites of a triangular lattice, if
matter. A prime example is an array of atoms confined insidghe atoms are adsorbed inside the tubes.
carbon nanotubes or intercalated in the interstitial channels Unlike the usual condensed phases, where structure is de-
of a nanotube bund%s Other interesting examples are termined primar”y by packing Constrairﬂ"se_7 hard core re-
alkane-urea inclusion compounds, in which guest alkangyision, the arrangement of atoms in adjacent channels is
molecules are laterally confined, but retain axial mobility, governed by the long range tail of the interatomic interac-
inside subnanometer-sized one-dimensional channels in @ |f this is attractive, as is normally the case, the atoms

cryste}lline urea strugtur‘é. - . ill tend to register in order to minimize the energy. 1d,2
This paper investigates the possibility of the existence o or example, the preferred crystalline arrangement will be a

a crygtalllne_ phase of atoms confined inside st_ructu_reles Bctangular, rather than triangular lattice.

one-dimensional channels that have macroscopic axial di- Let us label the coordinate of thieh particle in theith

mensions, but a nanometer-sized cross section, essentially S L T ) . )

forcing the guest atoms to line up in a row. The assumptioriube byR; ;+zu(i,j)+u,(i,j), Ri; being a lattice coordi-

is made throughout that the walls of the channels are smootfate. Let alsa denote the lattice constant along thdirec-

(This assumption a priori excludes the possibility that registion, andb that in the transverse directi(). The total po-

try effects stabilize a commensurate solid phase. We wiltential energy can be written as

discuss this point further belowWhen the channels are

bundled up in regular arrays, even exceedingly weak inter-

channel interactions can stabilize ordered phases. It has been

argued recently that a transition into a weakly bound, highly

anisotropiccommensuratesolid state is possible for helium

atoms confined to the interstitial channels of carbon

nanotubes.The argument presented there applies more gen-

erally to other adsorbates and adsorbants. Here, we show that

an additional state is possible, which has nontrivial one- a :|:

dimensionaincommensuraterystalline order along the axes

of the tubes. Since the order parameter of this state is a

scalar, its properties are markedly different from those of

usual crystals in both two and three dimensions. In particu-

lar, melting is expected to be a continuous single-step tran-

sition in both two and three dimensions, and the melting

temperature is proportional to the square root of the shear

modulus, rather than to its first power. In view of the ex-

tremely small values of the shear modulus for these novel

crystals, the square root dependency is important in making

this state accessible to experiment. FIG. 1. Crystalline arrangement of guest atoms confined inside a
We begin by considering a simple model of particles con-host array of narrow channela.is the lattice constant in the non-

fined inside an array of parallel tubes, as depicted in Fig. ltrivial direction. The value ob is determined entirely by the struc-

We assume that the size of each tube is such that no motere of the host.
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LJ=;% v(|Rij—Rij-1+2u(i,j)—zu(i,j—1)+u,(i,j)

—u, (i,ji—DD+v(R = Ri_yj+2zu(i,j)—zu(i— 1)

+u, (i) —uy (i—1)D+w(u (,)))), (1)

wherev is an interparticle potentidk.g., the Lennard-Jones

interaction). This interaction can be treated as nearest neigh-

bor without loss of accuracy. In the transverse direction, the

particles are confined within each tube by a stiff harmonic O O

potential,w. In the low temperature regime that we are con-

cerned with here, we can regard the transverse degrees of

freedomu, as frozen out. FIG. 2. Schematic depiction of a dislocation. Note the failure of
To make connection with elasticity theo‘?yve use a con- @ contour drawn around the dislocation core to close.

tinuum approximation, valid in the long wavelength limit.
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The effective Hamiltonian can be written as a function of thelinuous vortex unbinding transition, qualitatively analogous
scalar displacement only: to the superfluid-to-normal transition in helium films. This
behavior is unusual. For conventional 2D crystals, melting is
1 au\ 2 ou\? predicted to happen throught&o-stepproces< dislocation
U=Up+ Ef ddlfidl[?\(g) +M<T) , (@ unbinding that produces a hexatic phase with long range ori-

+ entational order, followed at higher temperature by disclina-

where the elastic constants tion unbinding into the isotropic liquid phase.
The melting temperature in our model is given by
v”(a)az_ v'(b)b
Topilg M g ® S A pna? o
2D 87 '
are reminiscent of the bulk and shear moduli of standard
isotropic elastic theorfl.To determine the stability of the gso that the exponent, just below the transition, takes on, as
crystalline phase in two and three dimensions, we examingsual, the universal valug(T,p)=1/4. A similar transition
the fluctuations of the displacement field was recently predicted for a 2D colloidal crystal subject to a
2D. Order in two-dimensional crystals is characterized by1p periodic potentiaf.

a diffraction pattern displaying algebraic peaks, rather than 3p. The melting transition in three-dimensional arrays is
by sharp Bragg peaksThis is also true for matter in two- expected to be continuous, unlike in conventional 3D crys-
dimensional arrays of nanotubes, where the broadening qfs. Qualitatively, a continuous transition should be ex-
the structure factor peak at reciprocal lattice vectanZb,  pected because of the geometric constraints forcing the par-

2mn/a is given by ticle to move in one dimension. As a consequence, ho
. o structural rearrangement is possible upon meliing., the
S(q)~|p|~ =7, 4 local structure of the liquid is identical with that of the crys-

. _ — 5 — 5 tal, as happens in 2Dso that no abrupt density change oc-
with Pt—.\/(qx 2mm/b)*+ |\ p(d,—27n/a)” and the ex- ¢\ .o hon melting® The melting temperature can be esti-
ponentis mated by the Lindemann criteridh.We evaluate the mean

square displacement of the particles along the axis of the
n=——. (5) tubes:
a2\/)\u
1 dk kgT
We expect(quasj-long-range order to be unstable to un- (u?)= —J’ ﬁ(uku,k): _— (8)
binding of dislocation pair§.Dislocations arise because of VI (2m) 4b\ X

the constraint, which implicitly accompanies E8), that the

line integral of the displacement around a closed contoulVnere the higrk cutoff in the transverse direction has been
must be an integer multiple of the lattice spacinfy set to7r/b. Following the Lindemann criterion, we assume

the crystal to melt when the root mean square displacement

Ju is equal to a fractiorr_ of the lattice constara. This yields
f o drj=—na (6)  the melting temperature
i
A dislocation can be visualized as a missing semi-infinite T3d=4cf\/,u)\ba2. 9

string of atoms perpendicular to the direction of the tubes

(Fig. 2). Note that the Burger’s vector is necessarily parallelThe system-dependent Lindemann constapt typically

to the direction of the tube. This is a direct consequence ofanges in the interval 0<c, <0.3.

the fact that the dynamical variable of the model,is a To make quantitative predictions for noble gases, we
scalar displacement. From this, it follows that this crystalmake a connection to the known values of the melting tem-
melts, in two dimensionghrough a one-step process con-  perature of their standard 3D crystalline phase. This can be
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done in a straightforward manner, if one approximates thoserdination correction. For ¢,=0.1, the condensation tem-

crystals as isotropic elastic media. In that case, the Lindeperature is a sizable fraction of the Lennard-Jones parameter,

mann criterion becomes T.~ €/3, that is, over an order of magnitude higher than the
melting temperaturd ;5. (Stronger anisotropy has a rela-
tively small effect onT..) For comparison, the liquid-gas

(10 critical temperature of the unconfined bulk system is less
than twice as high as the melting temperattire.

A subtle but important observation is in order. A lattice
gas model, such as that proposed in Ref. 5, by construction
. can predict only one transition. This transition is often iden-
assume a Lennard-Jones potential, tified with a gas-liquid transition. However, the condensed

phase of a lattice gas model has a built-in registry with the
o\12 [ g\6 underlying lattice. Thus, the identification of the condensed
—> - (-) , (11)  phase with ghighly anisotropig¢ liquid is unambiguous only
r r in the smooth channel approximation, on obvious physical
for which it is known thatE~ 70e/c3.%? Thus, the Linde- grounds. In the presence of strong substrate corrugation, it
mann criterion predicts thak,.,=0.7¢, with a value ofc, might well be interpreted as a transition intc@mmensurate
=0.1 anda=¢. This prediction is in very good agreement state, as is proposed in Ref. 5. In the present work, we have
with the experimental values of,,/e=0.67, 0.68, 0.52, considered atoms trapped in smooth channels, showing the
0.70 for Ne, Ar, Kr, and Xe, respectively. presence of a genuinecommensuraterystalline phase at

Returning to the weak crystalline phase in an array oftemperatures significantly lower than the lattice gas conden-
nanotubes, we find an anisotropy parametérom Eq.(3)  sation temperatur€;. Registry effects could play an impor-
(we puto=1): tant role in real systems, noticeably in the case of noble gas

atoms in carbon nanotubes. For reference, all noble gases
except Ar are known to form commensurate 2D solids on
a\® 2w -1 1 graphite in some pressure ran§dn this regard, the quali-
b m: 20lb) - (120 tative difference between Ar and Kr is quite striking in view
of the very small difference in the LJ diameter. This fact
Remembering thak is related to the isotropic Young's underscores that it will be very difficult to make accurate
modulus of the 3D Lennard-Jones crystal by predictions without taking into account the quantitative de-

127

Ti50: E cfa3E,

where, for isotropic media, Young’s modul&s=2.5\. We

v(r)=4e

6

i a

N

=0.4(b/a)’E, we arrive at the prediction tails of each system. These would include not just the inter-
atomic potentials, but also the precise structure of the host
4 channelge.g., the chirality of the nanotubes

l/a

a . .
T3D:1-5\/65Ti30=§ b Tico- (13) Finally, we comment on quantum effects, which have

been ignored so far. Their importance can be gauged by

evaluating the mean square fluctuationuodlue to the zero
oint motion. Quantization of the HamiltonialEg. (2)]
eads to the following estimate, valid for large anisotropy:

Coordination effects are expected to raise this value by
factor of \z/2, z being the number of nearest neighbors. For
single wall nanotubes with diametdi=10 A, we can put

b=12 A, and we obtain a melting temperature of about 0.3 (u?), 0.08 1
K for interstitial Ne atoms and 1.2 K for Xe atoms adsorbed 2 - A \/_In(E), (15
inside the tubes. More polarizable molecules, adsorbed in- o(A)Ve(K)A

side nanotubes, would form stable crystalline states at higher
temperatures. For example, fog@uckminster fullerene ad- whereA is the atomic number. The values®f/eA are 16.5,
sorbed inside 1.5-nm-wide tub&sye find a melting tem-  74.6, and 241 for He, Ne, and Ar, respectively. Although
perature of about 110 K in 3D, using the LJ parameters anisotropy increases the importance of quantum fluctuations,
=2300 K ando=9.2 A the dependence is logarithmic and is not expected to desta-
It was recently pointed out that the interchannel interachilize the crystalline phase, certainly not for Ar and likely
tions of atoms adsorbed interstitially within nanotube not for Ne.
bundles should stabilize a weakly bound condensed phase. In summary, we have investigated the low temperature
The condensation temperature was estimated from the trabehavior of atoms adsorbed in an array of one-dimensional
sition temperature of the strongly anisotropic lattice gaschannels with nanometer-sized cross section. Weak inter-
model, which yields channel interactions can stabilize a phase that has crystalline
order in the direction of the channels. The estimated melting
temperature for these novel crystals suggest that they should
1 v(a) be well within experimental reach in several systems.

Te=3 In(1/c))—In[In(1/c)]’ e

| wish to thank the authors of Ref. 5 for sending a preprint
providedc,;=<0.1. (Note that the anisotropy parameter has aof their work prior to publication. | am also grateful to D. R.
different value in the liquid state, and is given lyy  Nelson for bringing Ref. 9 to my attention after this manu-
=v(b)/v(a)=(a/b)®, again ignoring a lattice-dependent co- script was submitted.
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