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Momentum distribution of helium and hydrogen in nanotubes
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We compute the momentum distribution of helium atoms and hydrogen molecules absorbed within an
ordered bundle of carbon nanotubes. The results vary significantly as a function of coverage and manifest the
strong anisotropy and localization of this geometry. For example, the root-mean-square momentum component
perpendicular to the bundle axis can be about three times larger for interstitial molecules than for molecules
moving in an axial phase confined by a cylindrical film of particles coating the tube’s inner wall. These results
(which are consequences of the uncertainty pringipidicate that the momentum distribution is a useful
signature of the local geometry and quantum state of the absorbed particles in nanotube bundles.

Much interest has been attracted to the problem of gasediscusses the coverage as a function of the thermodynamic
absorbed within carbon nanotubes! motivated by both variables. Here we assume that the temperature is zero, i.e.
fundamental physics and the potential for application in gagach phase is in its ground state. Of the four phases discussed
storage, separation, and sensing. Experimental evidence suggere, only the shell-localized phase manifests correlations
gests that quantum gases like helium and hydrogen could Beetween the adsorbed particles. The other phases exhibit dis-
especially strongly absorbed in this environmeht:1>1% tinctive effects of the confinement by the host.
Theoretical calculations of several groups have also found TO compute the momentum distribution of one single par-
the adsorption potential to be highly attractive for small at-ticle, we Fourier-transform the single-particle wave function
oms and molecules due to the high coordination in the/(r),
curved environment> 4 The properties of this adsorbate are
of fundamental interest because of the reduced dimensional- . 1
ity they manifest>® One of the many techniques suitable a(k)= PR
for characterizing adsorbed particles is neutron (2m)
.scattering1.7‘23.For a high surface area material, such scatterr,e gccupation number of momentum  states rigk)
ing data(elastic or inelastic, coherent or incohepecdn pro- la(R)|?
vide information about the statie.g., ordered structufal We first focus our attention on the distribution of momen-

and dynamic(e.qg., diffusive properties. In this paper, we .
compute the momentum distribution, which is probed by jn-tum perpendicular to the axig) of the nanotube,

coherent inelastic neutron scattering. We find this to be a
sensitive probe of the state of the adsorbate, enabling one to n(pZ):f dk,n(k), 2)
distinguish between alternative adsorption locations and con-
figurations. This discrimination can be quite valuable be- > L N
cguse other kinds of experimental informgti(mg., thermo- Wher.eK.=(kX ’Ey)' If the wave function 'S.‘ cylindrically sym-
dynamics tend to provide complementary informatioe.g.,  Metric, L.e.,w(r) depends only onﬁthe distanceo the axis,
about structure or eneryy thenn(K)=n(K)=|a(K)|?, (K=|K|) where

When ordered bundles of clean, opened carbon nanotubes
are exposed to a helium or hydrogen vapor, it is expected
that adsorption occurs in both the interstitial channels and
within the tubeg? Inside the tubes, the particles first coat the
tube’s inner wall, forming a cylindrical shell-gas phd8é*  The number of particles per unit incremet in an interval
As the density of the inner atoms or molecules increasepK,K+ dK] is N(K)=27K n(K) in an azimuthally isotro-
beyond a certain value, the film will solidify, with the par- pic situation. This applies to the axial phase, the shell-gas
ticles localized in a cylindrical latticeshell-localized phage  phase, and the interstitial-channel phase, if we neglect the
For sufficiently high chemical potentiébr pressurg the re-  anisotropy. Here we show that the momentum distributions
gion in the center of the tube starts to become populated)f the four phases are distinguishable from the different
forming an axial phas#& We calculate the momentum dis- widths in momentum space. The single-particle wave func-
tribution of the four different phases mentioned above, i.e.tions ¢(r) needed for the calculation of tleK) were taken
the interstitial-channel phase, the shell-gas phase, the shefrom Ref. 24 for the axial and shell phases, and from Ref. 25
localized phase, and the axial phase. The contribution ofor the interstitial channel.
each phase to the total momentum distribution is propor- In the case of the shell-localized phase, the adsorbate’s
tional to the number of particles in each phase. Reference 2#utual interaction changes the situation significantly. Al-

f dre="KTy(F). 1)

a(K)=f:rdr P(r) Jo(Kr). 3
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FIG. 1. Momentum distributiom(K) for “He, for the four FIG. 2. The same as Fig. 1 for,H
phases mentioned in the text.

. . . ) The momentum distribution in the interstices is the broadest,
though there is no experimental evidence concerning thgg expected due to the high confinement in real space, fol-

structure of this phase, we assume for our calculations that,,«q by the shell-localized, shell-gas, and axial phases. No-
the equilibrium configuration is that of a monolayer aboveyiq that the shell-gas phase shows rings as a consequence of
flat graphite that has been rolled up, forming a cylindricalihe confinement of the ground-state wave function far from
shell. The radiugR) and thickness &R)ZOf th;a Szhe" are,  and homogeneously around the axis. The rings are evident
respectively, the mean valugs) and((r°—(r))™, deter-  fom £q.(3) in the limiting case whenj(r)~ 8(r—R) so
mined by our p[evious calculations of the single-particley, ¢ a(K)~RJ,(KR). The oscillations are lost when the
wave functiony(r) of *He or H, inside a nanotub&. For a  density of the shell increases and the localized phase replaces
nanotube with a diameter of 14 AR=4.07 A and SR  the gas phase. Table | gives the mean square values of the
=0.27 A for *He, andR=3.63 A and6R=0.23 A for . momentumk,me=(k2). For H,, the state dependence is
With these considerations in mind, we calculate the momenmqost dramaticik,q for the interstitial phase is more than
tum distribution in the following way. LeNigca(k; Ky .K;)  three times that for the shell gas. In the shell-localized phase,
be the momentum distribution of one particle localized in a,. < varies with the shell densitg in the form,

particular position in the shell, characterized by its cylindri-

cal coordinatesR, ¢,z). Then we evaluate the momentum

distributionN(k) as the integral

(Kanotiod )= 75+ 771 ®)
x/ shell-lo 45 4,}/( 6) .

N = [ 0 [k d dk,Ngafbe K o)
as derived from Eq94) and(5).
X 6(k— \/kf+ kfb). (4) Regarding the momentum distribution in thelirection,

) i . . we evaluated the function(k,), for the shell-localized and
The delta function selects those particles with the appropriatgterstitial phasefthe axial and shell-gas phases are homo-

momentum. We assume that the functMgc,(k; .k, .k;) IS geneous in the z direction, consequentlk,)~ 5(k,)]. For
a product of three Gaussians, as determined faminitio  the shell-localized phase, the mean- square momentum is

calculations. (k?y=1/2y(6), whose values are presented in Table I. No-
o7 tice that these mean values are lower than the corresponding
Y

2 2 2
e K e e, (5)

Nlocal( kr ’krf) 1kz) =
312
m TABLE I. Root-mean-square momentum perpendicfzaral-

lel) to the tube axisy(k2) (V(k2)), in A~1 corresponding to the

The values ofs andy are calculated by Fourier transforming
different phases.

the corresponding local single-particle wave functiofr),
being 6=0.16 A? for “*He, and §=0.11 A? for H,. The

4
value of vy comes from the Fourier transform of the wave Phase He He
function above flat graphite, which can be found in the Interstitial 2.07(1.41 3.94
literaturé®2” and that depends ofr For “He, y varies from  Shell localized 1.310.55* 1.62 (0.83
0.7 to 1.63 & for #=0.0995 to 0.07 A2,?® while for H, we Shell gas 1.19 1.22
take y=0.73 A?, corresponding t@=0.085 A2.%’ Axial 0.86 1.28
The results are shown in Figs. 1 and 2 fide and H, * For 9=0.07 A2

respectively, where we plot the functioiik) for each phase.
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values in thex direction, reflecting the smaller width of the corrugated potential along the interstitial channel for this
shell. For the interstitial phase of Ref. 25 we find thatbundle geometry. Note that the single-particle axial absor-
\/<k22>:1,41 A1 for *He. bate band structure could be sensitive to variations in tube
We turn briefly to the effect of temperatufie= (kg8) ~* wrapping angles and relative orientations, and interparticle
for the interstitial gas. For finite T the momentum distribu- interactions could become important at higher coverages,
tion is calculated by integrating over the Boltzmann-partcularly in certain geometries.
weighted distribution of axial wave vectork (in the In a situation where adsorption occurs in all sites inside
classical-statistics density regiine and between tubes, the total momentum distribution would
be a weighted sum of the four contributions,

— BE(K) -
J dke n(kz:k) Niotal( K) = AinteNinter+ Ashell-gaé\lshell-gaé' Asheli-iodNshell-loc

n(k,) = : (7

f dk & FE®M + AaiaNaxial ©)
The weight factordA  depend on the particle distribution
and the mean value reads and hence the chemical potential. For the tube geometries
studied, the first contribution to appearAsNined K). The
f dk efﬁE(k)<k§>k next is the shell-gas term, making rings in the momentum
<k§> _ . (8) distribution. As the coverage increase.ghe”_gasgoes_ to zero,
J dk e FEK and the localized termgpeiiodNsheiiod k) replaces it, wash-
ing out the rings. Finally, the last term would add a low-

momentum contribution. If some of the sites were excluded,

for instance if the tubes are closed, that would be revealed by
the absence of the corresponding term in the momentum dis-
tribution.

For “He in an ordered aligned bundle ¢£8,0 nanotubes,
the band energ¥(k) is centered around- — 370 K with a
narrow bandwidth of-0.2 K?° The mean values of(k?)
are 1.415 A and 1.406 A for k=0 and /a, respec-
tively, so the temperature does not significantly affect this We are grateful to Michel Bienfait and Paul Sokol
calculation so long as higher ban@eparated by-10 K but  for helpful discussions. This research was supported by the
dependent on the detailed tube wrapping angles and relativgational Science Foundation through Grant Nos. DMR-
orientations, with some cases yielding axially incommensu9705270 and DMR-9876232, the Petroleum Research Fund
rate structuresare not occupied. These values correspond t@f the American Chemical Society through Grant No. PRF
axis-parallel kinetic energieg,~11 K. The high energy 33824-G5 and Grant No. PRF 34308-AC5 and the Army
(like the narrow band widthis a consequence of the highly Research Office Grant No. DAAD19-99-1-0167.
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