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Quasi-one-dimensional*He inside carbon nanotubes
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We report results of diffusion Monte Carlo calculations for béte absorbed in a narrow single walled
carbon nanotubeR=3.42 A) and strictly one-dimensiondHe. Inside the tube, the binding energy of liquid
“He is approximately three times larger than on planar graphite. At low linear denékiesn a nanotube is
an experimental realization of a one-dimensional quantum fluid. However, when the density increases the
structural and energetic properties of both systems differ. At high density, a quasicontinuous liquid-solid phase
transition is observed in both cases.

Since their discovery by ljimiain 1991, carbon nanotubes parison between the results of DMC for strictly TBle and
have received a great deal of attention. Basically, they are théHe inside a nanotube of radius equal to 3.42 A, which cor-
result of the seamless rolling up of one or several graphiteesponds to a(5,5 armchair tube in the standard
sheets over themselv&s' Depending on the relative orien- nomenclaturé.
tation of the rolling axis with respect to underlying graphite  The DMC method”*® solves stochastically th&l-body
structure, one can have different types of nanotdbasn-  Schralinger equation giving results that arexact for
chair, zig-zag, and chiral with different radii and different bosonic systems as liquitHe, provided that the interatomic
mechanical and electrical properties. Nowadays, it is pospotential is known. In the present calculation, we have used
sible to obtain high yields of nanotubésingle and multiple the HFD-BHE) Aziz potential for the He-He pair
walled), with a variety of diameters ranging from 7 to 40 A interaction'® and the potential given by Stan and Cdlin
(Ref. © and lengths up te- 1000 times larger. their study of Lennard-Jones fluids in tubes for the He-tube

One of the most attractive features of carbon nanotubes isne. Basically, they consider the nanotubes as smooth cylin-
the possibility of filling with different materials both their ders by making & average of the corresponding sum of all
inner cavities and the interstitial channels among th&m. the C-He interactions. Thus, the potential felt by a particle
The interest in this field is twofold. On one hand, the ex-only depends on its distance to the center of the cylinder.
pected increase in the particle-substrate potential energy withhis is a simplification, but one would expect the error in-
respect to a flat carbon surface has suggested the use wlved to be small since the helium atoms are much larger
nanotubes as storage devices for molecular hydrogen in fughan the C-C distance. In fact, the differences in energy and
cells®°On the other, more theoretical hand, nanotubes proposition between #He atom in the smooth cylinder model
vide a reliable realization of one-dimensional systems in theand the same particle considering its interaction with the
same way that a substance adsorbed on graphite manifesigrrounding individual carbons are about 1% for the tube
trends that are characteristic of a two-dimensional mediumconsidered her&

If the nanotubes are filled with light atoniide) or molecules The efficiency of the DMC method is greatly enhanced by
(H,) and the temperature is low enough, one is dealing withintroducing a trial wave functiotW’ (R) that acts as an im-
quasi-one-dimensional quantum fluids. Such an experiment@ortant sampling auxiliary function. In 1#He we have used
realization has been carried out for the first time by Yanoa two-body Jastrow wave function

etal in a honeycomb of FSM-16. This is a mesoporous

substrate with tubes approximately 18 A in diameter. Using a VID(R)=W (R) 1)
torsional oscillator, this group proved the existence of super- J

fluidity of the “He atoms absorbed in the pores below a_. 1 5 C A
" : 12 with W(R)=II;-; exd —3(b/r;;)”], whereas liquid®He in-
Egsgalsiig]izgraet;ngr(i);giaﬁy l\,:lr?ée dfgg:g:?gg%:?;%/i_ side nanotubes requires the additional introduction of a one-

ously absorbed in the interstitial sites of carbon nanotubg ody term

bundles. In this case, the data points unambiguously to the .

one-dimensional nature of the helium inside the nanotubes. Y (R)=V4(R)V(R) 2
From a theoretical point of view, it has been recently

established using both the hypernetted-ch@NC) varia-  with W (R)=IINexp(—cr?) (r; being the radial distance of

tional approach*® and the diffusion Monte CarlgDMC) the particle to the centgrthat accounts for the hard core of

method* that strictly one-dimensionallD) “He is a self- the helium-nanotube interaction. Using the variational Monte

bound liquid at zero temperature. However, contrary to theCarlo method(VMC) we have optimized the parametdys

situation for dilute classical gasé&s;'®there are no many- andc at low densities around the equilibrium. The values

body calculations of quantum fluids inside nanotubes yet. Irobtained,b=3.067 A andc=2.679 A2, show a negligible

this work, we address the question of the quasi-onedependence with the density and therefore they have been

dimensionality of*He absorbed in a tube by a direct com- used everywhere in the DMC calculations. In all the simula-
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—429.6 T T T TABLE |. Parameters of Eq4) for the two systems studied.
4 0.35
- Parameter 1D'He “He in a tube
0.3
—4207 | : Ao (ATD 0.062+0.001 0.0790.003
’ 1025 eo (K) —0.0036+0.0002 —429.984-0.001
L A (K) 0.0156+ 0.0009 0.0480.006
) B 402 B (K) 0.0121+0.0008 0.0296 0.009
2 —4298 | ] X3v 2.2 0.24
3 10.15
a 101 significant difference that has been dramatically observed in
—4299 | the desorption experiment of Teizet al'? On the other
. 4 0.05 hand, the departure of the real 3D systerftidg in graphite
L a B or a nanotubefrom the idealized 2D or 1D liquids can be
ciogogo 2 ° it 10 quantified by means of the parameter
-430 ' . .
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FIG. 1. Energy per particleH/N) versus the linear concentra- where T stands for the tube and G for the graphite adsorbents
tion (A), for the two systems we have studied: a strictly one-andE is the energy per patrticle in the system under consid-
dimensional systenfopen squares, right energy soaland a(5,5  eration. Around the respective equilibrium densities one ob-
armchair tubgfull squares, left energy scaldn the first case, the tgins AT=90% andA®=6%, a large difference that indi-
error bars are less than the size of the symbols. Both energy scalggtes that the 1D representation‘fe inside the nanotube is
are in K. worse than the 2D modelization éHe in planar graphite.

— —1 i i
tionsN =30 atoms have been used, a number that has prov dotLrJ]plﬁg Z‘\Heoélr?deetir&iiggi;g;etigsr rrﬁ);;tltgcla@v(\jelﬁ/f'?g e?jf by
to be large enough to reduce the size effects to the level of , . ;
-2 a third-degree polynomial

the statistical errors reported.

The variational HNC equation of Krotscheck and Mitfer A—Ng|2 A—Ng|3
on 1D liquid *He points to the existence of a liquid-solid e=eyt+A X ) +B( x ) . (4)
phase transition at high density. We have explored this fea- 0 0
ture, that is only possible at zero temperature, by using &he optimal values for the parameteksB, A\, ande, are
solid trial function which results from the product %f'°(R) reported in Table I. The linear equilibrium densitieg of
and WT(R) by a zlocalized factor?W(R)=TI'exf—a(z  both systems are close,;°=0.062 A% and \}=0.079
—24)?]. The solid siteg;s are equally spaced points along the A=, whereas the energy difference betweer0 and x
z direction which is both the longitudinal axes of the tube =\ is significantly different, 0.00364 and 0.018 K for 1D
and the line of the 1D system. In both solid systems, a VMC*He and“He inside the tube, respectively. The latter results
optimization at high densities leads to valles2.939 A and  point again to a large enhancement of the binding energy of
a=0.612 A2, with ¢=2.908 A 2 in the tube case. “He inside the tube with respect to the 1D system. On the

The energy per helium atom versus the linear coveragesther hand, the equilibrium density of liquitHe inside the
\, for the 1D (open squares, energy scale on the jigiitd  tube (po=0.0022 A %) is much smaller than the one in ho-
the tube(full squares, energy scale on the Jaf shown in  mogeneous 3D liquidHe (po=0.022 A 3).
Fig. 1. The two curves have have been drawn for the full In agreement with the DMC calculation of Statall*
square with the lowest to coincide with the open symbol and the variational one of Krotscheck and Miltér*He self-
for the same He density. One observes thatNer 0.05 bounds in a 1D array but with a binding energy §.0036
A~1 both curves are similar, but for larger concentrations+ 0.0002 K much smaller than that in 2D-0.897+0.002
the tube curve is located below the other one. A similark) (Ref. 22 and 3D (~7.267+0.013 K).*8 It is worth noting
phenomenology appears in the comparison between the ethat such a small total energy results from a big cancellation
ergies of purely 2D*He and *He adsorbed in graphite. As between the potential and kinetic energies.Myt we have
for this system, the difference in energy betwelte in a  T/N=0.27060.0004 K andV/N= —0.2742+0.0004 K. In
nanotube and 10He is always negative with an absolute fact, the influence of thé'He interatomic potential in this
value that increases with the density. Both in graphite and igystem is very large. A calculation at the equilibrium density
nanotubes this increase with respect to the 2D and 1D sysc, for the 1D system using the HFDHE2 Aziz potertial
tems is mainly due to the emergence of their actual 3D naindicates that*He is still a liquid, but the total energy is a
ture. Beyond this qualitative agreement betwette ad-  factor two smalle(—0.0018+ 0.0003 K, with a potential en-
sorbed on graphite and inside carbon nanotubes, there agegy —0.2724+0.0004 K and the same kinetic eneygyhis
significant differences in the values of the binding energiessizeable difference partially explains the discrepancies of our
in the two systems. The binding energy of a sinffe atom  DMC calculation with both the results of Stat al** and
in graphite isEg=140.74 K?! whereas in the nanotube we Krotschek and Mille:* who used the HFDHE2 Aziz poten-
are studying is roughly three times IargErg=429.97 K,a tial
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FIG. 3. Pair distribution function along the coordinate,
g1P)(r). Full lines correspond to the narrow tube at 0.08%A
(bottom), 0.182 A™! (middle), and 0.406 A (top), and dashed
lines to the purely linear system at the same densities.

A (ATD

FIG. 2. Pressure at high helium densities for both syst@ns-
dimensional, dashed line, left scale; nanotube, full line, right $cale

From the values of the energy, one can obtain the lineaimposed @+ 0) is below the one corresponding to a liquid
system pressurg, =\?de/dn, and estimate the same prop- structure @=0) for linear densities greater than 0.358'A
erty for helium inside the cylinder gs=p, /7R?. Figure 2 By means of the Maxwell double tangent construction, one
displays this observable as a function of thide density. would be able in principle to tell the solid from the liquid
The range corresponds to a liquid structure both in the 1@nd to obtain the freezing and melting densities. Unfortu-
and tube casessee discussion belowOne can see that the nately, the energy differences betweenzhecalized and the
pressure increases faster in a pure linear arrangement of diguid structures are too small to allow us to carry out a
oms than in a tube. This can be understood if one consider®eaningful calculation. Our results indicate that for large
that in a narrow nanotube it is possible to avoid the repulsiveenough densities\(>0.358 A™*) both the 1D and the tube
core of the nearest neighbors by shifting transversely th@rrangements have a localizé&blid) phase and that the dis-
helium positions, a situation that is obviously not possible incontinuity in the densityif any) is surely very small. This is
1D. Also interesting is the comparison between the soundn agreement with the results discussed by Whitletlal**
velocity, c(\) =[1/m(aP/dx)]"2 at their respective equilib- about the reduction of the size of this discontinuity from
rium densities. The values amgp=7.98-0.07 m/s ancc;  three to two dimensions: in 3D is fairly large, being consid-
=14.2+0.8 m/s, in both cases a tiny fraction of the corre-erably smaller in a purely 2D system. In 1D, we observe a
sponding 2D ¢=92.8 m/$ (Ref. 22 and 3D (238.3 m/$  further reduction towards a continuous or a quasicontinuous
(Ref. 18 *He liquids. The spinodal point can be obtained astransition. It is also remarkable thdHe inside the carbon
the density at which the speed of sound becomes zero. Adube remains a liquid up to a much larger presgareund 5
cording to our results, the spinodal points are located atimes than in bulk liquid “He(~2.6 MPa3.
A1p=0.047+0.001 A"! and\1=0.059+0.001 A 1. Information on the spatial distribution of thtHe atoms

Another aspect that has deserved our attention has be@nay be drawn from the two-body radial distribution function
the existence of a liquid-solid phase transition at high densialong thez direction,g,(r). The functionsy,(r) for 1D “He
ties. Evidences of this phase transition, that is only possibl@nd *He in the tube are shown in Fig. 3 at several linear
at zero temperature, appear in a variational calculation of 1Blensities. Near the equilibrium density+0.08 A™*, lower
“He® A comparison between the DMC energies for thepart of the figurg g2°(r) is quite similar tog](r), as corre-
liquid and solid phases is given in Table Il. One can see thasponds to a quasi-one-dimensional system. The same could
in both systems, the energy per particle when localization i9e said in a broad range of densities, as it can be seen in the

TABLE Il. Energies per particle at large for the systems studied. All the energies are in K. See text for
further details.

NA Y E/N (1D, a = 0) E/N (1D, a# 0) E/N (T,a=0) E/N (T, a# 0)
0.406 123.726:0.012 123.56%10.012 —350.155-0.030 —350.200.02
0.380 67.076:0.011 67.006:0.009 —382.282:0.016 —382.321-0.012
0.358 37.602:0.008 37.596:0.007 —401.873:0.013 —401.844-0.010
0.338 21.88%0.007 21.9040.005 —413.09%0.014 —413.0610.012

0.320 13.246:0.005 13.2580.006 —419.5510.011 —419.493-0.010
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curves forh=0.182 A" ! (middle part of the figure On the tions, the present calculation evidences a quasi-one-

other hand, in the solid phasa € 0.406 A1), g*°(r) and dimensional behavior _of“He ‘inside a nanotube but
gl(r) are different: in this case, the 3D nature‘kZHe inside significant differences with the ideal 1D system appear, es-

the tub q iqnificant d in the localizati ecially when the linear density is increased. The origin of
€ ubes produces a signilicant decrease In the localizaliqilase gifferences is mainly the existence of the additional
with respect to the 1D result.

. . .. transverse degree of freedom that helium atoms have inside a
In conclusion, we have compared the properties of strictly, o qtube.

1D “He with “He inside a narrow carbon nanotube using the

diffusion Monte Carlo method. For a wide range of densities, One of us(M.C.G) thanks the Spanish Ministry of Edu-
“He is a liquid in both systems, and also in both cases @ation and CulturdMEC) for financial support. This work
quasicontinuous liquid-solid phase transition has been obhas been partially supported by DGESpain Grant No.
served. In accordance with recent experimental determingPB96-0170-C03-02.
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