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Liquid-gas transition of neon in quasi-one-dimensional environments
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We characterize the behavior of a system ofNgtoms in a pure one-dimensional environment between 12
and 30 K by means of path integral Monte Carlo calculations. This is a reasonable model to describe neon
absorbed inside a narrow carbon nanotube. When embedded in a bundle of those tubes, this quasi-one-
dimensional system can undergo a liquid-gas phase transition if nanotubes are narrow and close enough.
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[. INTRODUCTION The PIMC method allows the calculation of quantum nondy-
namical properties of finite-temperature systems by mapping
One-dimensional1D) systems were little more than a the gquantum system onto an equivalent classical model in
theoretical curiosity until the discovery of carbon nanotubegvhich each atom is described by a certain numbeezfds
(CN's) in 1991 These are long and narrow cylinders whoseconnected by springs. The beads interact with each other by
walls are made of graphite sheets and, in their native forma fraction of the real interatomic potential, that in the Ne case
are closed by caps. However, it is possible to open them big taken to be the Aziz HFD-B Ne-Ne pair potentil.
chemical or other means, allowing the absorption of species The PIMC simulations presented in this work were per-
of the right size inside. There exist nanotubes of many difformed at 12, 15, 20, 25, and 30 K, using a linear dengily (
ferent radii R), even though the most abundant ones havéange between 0 and 0.34 A Exchanges were not al-
R=6.8 A [(10,10 in the standard nomenclatjreThe nar- lowed, which implies that N&@ atoms are not considered
rowest tubes obtained by ordinary means are(8)8 ones, bosons, but boltzmanons. The temperature range at which the
with a radius of 3.4 A, but4,4) cylinders can be synthesized Simulations are done guarantees that this is a good
inside a template, such as a zeofitd/hen absorbed inside a approximation->?°From PIMC simulations, we obtained the
(5,5 tube, small atoms or molecules could be described rearessure by means of the virial estimator,
sonably well as a one-dimensional system, specially if they
fit tightly, as in the case of {3 Unfortunately, in other cases
(e.g., H&) that description is just an approximatitn.An p= NT 1 S, dviry)
even narrower environment is achieved using the interchan- L L&Y dr;; '
nels in between every three tubes of a bundle of nanotubes:
g}g(igi’ ;3;?2?0':?: ds?g, g\hgfngﬂ%;v_'%%i\f’:r”mtetzi it:?mogprﬂor\/vhereT is the absolute temperature ands the length of the
tal rpeports of having observed atoms or molecﬁles in thap mulation cell V(r;) is the Ne-Ne interatomic potential be-
particular location are scarédn fact, there is even a work een two atoms located at a distangefrom each other. In
. P : . all cases the number of atonis, was 30, and we varied the
that states that neon is not absorbed in the interstices of Sensities by var ind.
bundle of(10,10 CN's8 y varying. . .
In this work we present path-integral Monte Carlo On the other hand, DMC is a fcechnlque that allows_ us to
(PIMC) calculations of pure one-dimensional Nat finite obta_l_n the ground state of a particular system by solving its
Schralinger equation by stochastic means. To do so, we need

temperature, and some zero-temperature cal_cuIaFions on tI:ng introduce atrial wave function that summarizes all the
same system carried out by means of a diffusion Mont

; o O formation knowna priori about the system. The trial func-
?arlq{r(]DtM(?;c) ITechnlqlée.dTo olurlk?owliedge, t?'sd |fs the first tion used in the 1D Ne calculation was a Jastrow one with a
ime that a ull many-body caiculation 1S reported for a quan-y, riian correlation factor. The parameter in that correla-

tum 1D gas at finite temperature, in contraposition to theti n factor was previously determined by means of a varia-
several zero-temperature equations of state already report(ﬁ nal Monte Carlo optimization

for several gases (Mg°~1?H,, Ref. 3 even though the case
of Ne has not been considered yet. There have been also

@

many studies about what would happen for infinite diluted Il. ONE-DIMENSIONAL SYSTEM
gases adsorbed inside nanotubes or the interchannels men- ’
tioned above(Ref. 13,14, and references thepeirBoth The primary output of a DMC simulation is the energy

PIMC an d DMC are standard algorithms, and details abou&nd, since we are in the ground state, we can get the pressure
them could be found in Ref. 15 and Refs. 16,17, respectivelyfrom
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100 T T T T T T T TABLE I. PIMC energies and pressures for several densities at
12 and 15 K. All these systems have been done twice, using 120
%0 and 30 atoms in order to measure finite-size effects.
TI[K] N p [A73] E[K] p [K/A]
= 07 1 15 120 0.220 —13.0(3) 7.8(7)
Z 30 0.220 —13.2(4) 7.2(6)
40t | 120 0.100 -5.2(2) 2.9(3)
2 30 0.100 ~5.1(3) 2.9(1)
& 20 | | 12 120 0.200 —14.6(5) 2.8(7)
30 0.200 —14.6(7) 2.6(2)
120 0.100 —-8.1(4) 1.5(3)
0 30 0.100 —-8.8(3) 1.44(6)
‘2% 29 ' 0'3 ' 0;1 ' 0'32 ' 033 obtaining wrong thermodynamic averages from the calcula-
' ) 1 ) ) tion. To avoid that, we simulated the corresponding 1D neon
14D systems at temperatures at which we were certain that the
FIG. 1. Pressure as a function of density. Ground state of a pur€0rrelation length was smaller than the simulation cells used.
1D system of Ne atoms. As a check, we performed an additional set of simulations at

densities 0.100 A and 0.200 A* for 12 K, and 0.100 A*
JE and 0.220 A for 15 K, with the same parameters, but with
p=p>—, 2) 120 atoms, instead of 30 as we have employed in all other
ap temperatures and densities. The results are given in Table |
, for the total energy and the pressure. It can be seen that all
wherep, as before, means 1D density. data are compatible with their smaller cell counterparts and
_Figure 1 is a plot of the pressure of a puré One-ihai the error bars are similar in all cases. This would imply
dimensional system of Ne atoms as a functiorpofit has  hat the observables we calculatédtal energy per particle
been obtained from the ground-state energy by means of Eg,, pressubeare reliable.
(2). A couple of things are immediately apparent: there is @ The pressure data at finite temperatures are given in Fig.
minimum in the energy that correislponds to the density @ || the points correspond to one-dimensional pressures,
which p=0 (po=0.3044£0.0001 A™%, from a third-grade measured in K/A. From top to bottom we have the isotherms

polynomial fi), and at that density the system is a liquid, 5, 30 K, 25 K, 20 K, 15 K, and 12 K, with their correspond-
since for lowerp’s the pressure is negati@e have a van

der Waals loop Moreover, the system is bound fpr>pg 14
with a binding energy per particle,= —26.7+0.3 K atp. ]
Neon behavior is similar to that of 1D,tf also a liquid in
its ground state. The spinodal point for 1D neon obtained 127 i
from the calculations ip<=0.2904+0.0001 A%, .
Since at zero temperature the ground-state phase is liquid, 10 7
and at infinite temperature all systems must be gases, it
seems that there should bdimite temperature at which one
would find a liquid-gas phase transition. However, Van
Hove?! showed in the 1950s that a one-dimensional phase
transition is impossible when we have a finite-ranged inter-
action, and other authofé;?* proved that a long-range po-
tential decaying faster thanr#/ could not present a phase 4
transition in purely 1D systems. All that means that the
liquid-gas critical point seems to be at 0 K, as in the order- 2+
disorder change of a one-dimensional Ising magnet. Unfor- 3
tunately, the particular characteristics of these 1D arrays 0 Lt =
make thermodynamical properties at low temperatures diffi- 0 01 015 02 025
cult to obtain. The reason is the big fluctuations of those Al
properties that appear in any system when it is close to a LA
Cl’itical point. Since in 1D those f|uctuati0ns are particu|ar|y FIG. 2. PIMC pressures ofalD System of neon atoms a|0ng the
large, we could find that the correlation length at a givenfollowing isotherms: 30 K(filled squarel 25 K (square 20 K
density and temperature is larger than the largest simulatiofiled circles, 15 K (circles, and 12 K (filled diamonds. The
cell we can afford. In such a case, we could be trapped in dashed lines are the ideal gas pressures of a 1D system at the tem-
part of the system that is, for instance, liquidlike, and henceperatures cited above.

Pressure (K/A)
[e.e]
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ing error bars. We displayed also the pressure values of a 1D 0.8 . . . . . : :
ideal gas p=pT) at that same temperatures as dashed lines, i
and in the same order from top to bottom. Obviously, and in 07

line with the previous discussion, in all isotherms the pres- '|v'
sure values are monotonically increasing functions of the 0.6 * L
density, with no van der Waals loops signaling any phase - ; Pl 1
transition. If we analyze the results, there is another evident °§ 0.5 i f . %
fact: the temperature has to be raised up to at least 25 K in > o4l ; ; i%%%% |
order to find a sizable density interval in which the ideal gas C it

approximation is valid §<0.12 A1), At 20 K there is a £ sl i |
small negative deviation of the ideal behavior at low densi- a0 '

ties, and a positive deviation at high densities, but the ob- 02 | i
tained pressures are not very different from the correspond- *

ing to an ideal gas. However, the 15 and 12 K isotherms are 01L s i
far from the ideal gas behavior. On the other hand, at 30K,

the pressure of the gas is greater than the corresponding to 0 . - . . . - .
the ideal situation. If we describe the departure of the ideal 0 0.02 0.04 006 0.08 0.1 0.12 0.14
behavior for low densitiesg<0.12 A™') by means of a 1 (Ah

second virial coefficient, we would have a tendency similar . . .
to its three-dimensional Counterpa?ta negative value at FIG. 3. 12 K isotherms. Filled squares, pure 1D system. Circles,
low temperatures, a Boyle temperature of about 25 K, and §eon inside(5,5 nanotubes. Filled circles, neon absorbed in the

positive deviation when we heat up the system further.  interstices of &10,10 bundle.
In order to translate these pressures into three-
dimensional ones, the neon atoms have to be supposed ad- , [~ dV(r)
sorbed in a narrow tubg5,5)] or in the interstitial positions P fo " 4r dr. @

of a (10,10 bundle. Then, we have to divide the 1D pres-

sures by the transversal area of the absorption site. For Bhe accuracy of this approach has been checked for the en-
(5,5) tube that area isrR*=36.3 A%, while for an interstitial  ergy in the case of He?
channel it is 52.5 A We performed the integral in two cases, Ne absorbed in-
side (5,5 tubes forming a bundle, and the same species in
the interchannels of a set 00,10 tubes. In this last con-
1. QUASI-ONE-DIMENSIONAL NEON ABSORBED IN figuration, the minimum distance between interchannels is
BUNDLES ~9.81 A. For the first case, the integration renders

2 : 2 .
Up to now, we have circumscribed ourselves to the case 10.09? K/A, and in the seconds-6.44p? K/A. As in the

of a single one-dimensional system. However, the carbof€St Of this workyp is the linear density of neon atoms in the
nanotubes usually associate themselves forming bundles. fPrrespending environment, and it is supposed to be the
those bundles, every CN is surrounded by other six tubeSaMe in all tubes or mjtercha'nnels. If we want to have'the
forming a triangular lattice in the plane perpendicular to theirPréssure for the three-dimensional systems, we should divide
longitudinal axes. On the other hand, the parallel interchant€ obtained values, including the corrections, by the acces-
nels in between three of those tubes are disposed in a heXlPl€ Perpendicular area, as commented above.

agonal pattern in the same plane. The presence of atoms | Figure 3 d|§plays the effects of that correction in t_he 12K
in those adjacent tubes or interchannels exerts a certain ifeCtherm. This plot shows the pure 1D systeffilled
fluence in the one-dimensional arrays of atoms. In particulaSduares the bundle of5,5) tubes(circles, and what would

the effect in the pressure is taken into account by adding thBaPPen if the array of atoms were absorbed in the interchan-
term nels of the(10,10 bundle(filled circles. Obviously, the er-

ror bars are the same in all three cases and are not depicted in
the last one for simplicity. The 1D isotherm increases mono-
1 dVv(r;;) tonically with density, as it should for a system with no phase
L .2 Fij T (3 transitions. The same happens for interstitial neon, but the
' . case of the5,5) array of bundles is completely different. It
can be seen that there is a density range 0.08<%p
to Eq. (1). Here,rj; is the distance between atoms in differ- <0.11 A~1 in which the corrected isotherm fiat. This is a
ent tubes. However, these distances are considerably largggnal for a liquid-gas phase transition, since for that critical
even in the most favorable situations. If the atoms are abisotherm there should be at least a point at whiphjv and
sorbed insidé5,5) tubes forming a bundle, the minimal dis- #%p/Jv? are both zero. Thus, the corresponding critical point
tance between them is10.2 A. One expects then that the would beT.~12 K, with ap,=0.10 A~1. Since there is no
correlation between atoms is minimal, and the pressure effeghase transition in 1D, the reason for which there is critical
of the presence of the other tubes in the bundle could b&emperature is the influence of the surrounding tubes. In fact,
described by a mean-field approximatign, this is not the first time that coupling with neighboring tubes
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is the mechanism invoked to induce a phase gas-fdfdr  tion. The first is the difference between the experimental
a melting®*° transition. There is even an estimation of a setup and the scene the calculations imply. Ref. 8 claims that
gas-liquid transition critical temperature in the case of Nethe nanotubes were not prepared in any special way, imply-
using a 3D modified anisotropic Ising model to get3 A ing that some of the interchannels would be clogged and
comparison between the number obtained in that approximatnaccessible to the neon atoms. Second, the tubes could be
tion (T.=63.8 K) and the one in the present work showsfar from the parallel, perfect and regular cylinders assumed
that in the neon case that Ising model is completely inadin simulations. However, the most important effect would be
equate, at least with the parameters given in that referenceentropic. In going from a three-dimensional environment to a
The minimum distance between tubes is not the only varione-dimensional one, the entropy decreases a fair amount.
able here, we have also the particular disposition of the 10'he effect could be estimated applying the Sakur-Tetrode
arrays in spac& Even though the neon atoms of different equation for the entropy of an ideal gas in both cases, and
interchannels are located closer than if they were absorbed wbtaining the difference, that is more or less negative de-
a (5,5 tube, in the former case, each line of neon atoms ipending on temperature and on the length of the system.
surrounded by three other linésexagonal pattejpwhile in ~ However, if the temperature is low enough, the absorption
the latter the number of next-neighbor lines is @kangular  would certainly take place.
pattern. In fact, in a real system of neon 10,10 inter-
channels, one should decrease more the temperature to ob- V. CONCLUSIONS
tain a flat isotherm, as can be deduced from the data of Fig. - _—
Summarizing, we found that even though a liquid-gas

3. This is very difficult in our simulations, due to 1D corre- AT oo .

. . . phase transition is impossible in a pure 1D environment, the
lation problems mentioned above, but it should not be a mar Y . .
) . ) influence of neon atoms absorbed inside neighboring tubes
jor problem in an experimental set up. T&5 case con-

or interchannels could create such a phenomenon. The upper

ts e'?ﬁr(;?atzféeofwouu;gi_gg r?gorll"pgﬁgebignzd Af?; ttr:]ee S?;;“IT:;(Eritical temperature possible is that of neon absorbed in the
P q ' j ner part of openeds,5 tubes forming a bundle, about 12

possible distance between tubes. For larger tubes, the 1 " For comparison, theT, of three-dimensional neon is

approximation would be worst. 32 .
A word should be said about the possibility of having Ne44‘45 K?*and for Ne on top of a graphite sheet, 15.8%.

inside the interstices of a bundle (0,10 tubes. Talapatra

et al® have recently stated that that was impossible. On the
other hand, a DMC calculation of the energy for a single We thank S. Fantoni, K. E. Schmidt, and J. M. Romero
atom in such an environment would give a ground-state enEnrique for fruitful discussions. L.B. acknowledges Italian
ergy of —1011.1522-0.0009 K, i.e., the neon should enter MIUR-National Research for financial support under Project
the channels. Two are the reasons for the apparent contradisto. 2001/025/498.
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