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Phonons and specific heat of linear dense phases of atoms physisorbed
in the grooves of carbon nanotube bundles
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The vibrational propertiesphonon$ of a one-dimensional periodic phase of atoms physisorbed in the
external groove of the carbon nanotube bundle are studied. Analytical expressions for the phonon dispersion
relations are derived. The derived expressions are applied to Xe, Kr, and Ar adsorbates. The specific heat
pertaining to dense phases of these adsorbates is calculated.
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[. INTRODUCTION Recently, measurements of the specific heat of atoms ad-
sorbed in nanotube materials have been repdridd. this

Adsorption of gases in nanotube materials has been invesespect, it is important to theoretically consider the specific
tigated extensively in recent years, both from theheat of a dense phase and its signature in the overall specific
experimentd® and theoreticdr® standpoints. A very spe- heat of the samplénanotube materiat adsorbates
cial geometry of the nanotube materials provides a possibil- The outline of the article is as follows. In Sec. I, we
ity for realization of unique adsorbate phases with reducegbresent a simple lattice dynamics approach to the vibrations
effective dimensionality:*®'3'4The behavior of adsorbates of adsorbates in a groove. We show how the phonon frequen-
depends on whether they are adsorbed within the tliies, cies are related to the interadsorbate interaction potential and
the interstitial channefSor in the groove$®*! For samples the interaction of an adsorbate with the surrounding nano-
consisting of nanotubes with closed ends, the adsorption itube medium. In Sec. lll, we apply the model from Sec. Il to
the tube interior is not possible, and for sufficiently largeadsorption of Xe, Kr, and Ar atoms and we calculate the
adsorbates, the adsorption potential in the interstitial channeharacteristic vibrational frequencies pertaining to these ad-
is purely repulsiv€. Thus, for the case of large atoms ad- sorbates. In Sec. IV, we use this information to calculate the
sorbed in the material made of closed-end carbon nanotubespecific heat of dense adsorbate phases. Section V summa-
the only positions available for gas adsorption are theizes the main results.
grooves of the bundles of carbon nanotubes.

In this paper we consider a dense, periodic phase of noble
gas atoms physisorbed in the groove positions of a nanotube
bundle. This phase can be visualized as a one-dimensional
chain of atoms arranged in a periodic array within a groove To study the vibrations of the adsorbates in a groove we
(see Fig. 1 While the single particle properties of quantum introduce a simplifying assumption of rigid substrate, i.e., we
adsorbates in grooves have been considered in Ref. 10, oo not consider phonons of the nanotube material. In this
this article we concentrate on the many-particle excitationgase, the total potential enerdy of the adsorbate system is
(phonong of the dense, periodic adsorbate phase, that crugiven as
cially depend on the interactions between adsorbates.

Il. VIBRATIONS OF DENSE PHASES
OF ADSORBATES IN THE GROOVES

I#1’

1
®=3 2 o(n=r)+2 V(n). (1)

I

Here,v(r,—r|,) represents the interaction between the adsor-
bates at, andr,, positions. The indicesandl’ denote the
adsorbed atoms, and(r,) represents the interaction of the
Ith adsorbate with the surrounding nanotube medisob-
stratg. We assume that in the absence of vibrations, the ad-
sorbates are positioned in an infinitely long one-dimensional
lattice (with the lattice parametea, see Fig. 1 within a
groove. We also neglect all the interactions between the ad-
sorbates which are not in the same groove. This is an excel-
lent approximation, due to a large diameter of carbon nano-
tubes.

FIG. 1. A sketch of a small bundle of carbon nanotubes with the  If the interaction with the substrate were vanishingly
one-dimensional adsorbate phase in one of its grooves. The choiggnall, the problem would reduce to three-dimensional vibra-
of the coordinate system is denoted. The adsorbate atoms are déons of an unsupported chain of atoms. This problem can be
noted by small dark circles. easily solved analytically as shown, e.g., in Ref. 15. Even
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with the external fieldVv, the problem can be analytically phonon wave vectoq is a one-dimensional quantity since
solved, following the lattice dynamics approdchl’ The the adsorbate lattice exhibits a 1D translational invariance.
eigenfrequencies of the adsorbate system can be found frohe polarization vectoe(q) is a three-dimensional quantity
the matrix equation since the displacements of adsorbate atoms in all three spa-
tial directions are allowed. If we take into account only pair
[D(a)~Mw(a)*Je(a) =0, @ interactionsv between the nearest neighboring adsorbates
whereM is the adsorbate mass(q) is the vibrational fre- and neglect the discrete nature of the tubes surrounding a
quency,q is the phonon wave vector parallel to the groove,groove by effectively “smearing” the carbon atoms along the
ande(q) is the 3D phonon polarization vector. Note that thetube surfacé;® the 3x 3 dynamical matrixD(q) is given as

2,8[1—cos{qa)]+fxx 1:xy fxz
D= fxy Za[l_C()gqa)]'{_fyy fyz . 3
fyz fyz 2a[l—coqqa)]+f,,
|
The x axis is oriented along the chain of adsorbates, ythe fo+2a[1—codqa)]
axis passes through the centers of the two tubes surrounding wT(0)= \/ Y M )
a groove, and the axis in perpendicular to bothandy axes
and points outward from the bundle, as denoted in Fig. 1.
The external force constantg , are given by o) = \/fzz+ 2a[1—coqqa)] ®)
M ’
2
f, V:( i ) L V=XY,Z, (4)  Where the subscripts, T1,T2 denote the longitudinall)
dpdv] and the two transverse phonon branchEs,12). TheL,T1

_ o o andT2 modes are polarized exclusively sy, andz direc-
where the SUbSC”pt Zero Slgnlfles that the derivatives ShOUlﬂonS, respective|y_ Similar equations have been derived in
be taken at the equilibrium position of the adsorbate. As thgef. 12. The authors of this reference considered an isotropic
tubes surrounding a groove are assumed to be smooth, tl&%cillator model,V(x,y,7) =f_[(y—yo)2+(z—zo)2]/2. The
external potentialy(r)) does not depend on the adsorbate yq transverse modes are degenerate in this approximation,
coordinate and there is no extentsiibstrate inducedestor-  hich however, is not always the case, because generally
ing force associated with the adsorbate displacements in thfeyy#fzz, as will be shown in the next section.

>idirecti_0n. That is why allf,, , constants withu=x or » A brief comment concerning the neglect of corrugation of
=x vanish in Eq.(3). Additionally, due to the symmetry of o hoiding potential, i.e., discreteness of the nanotube, is in

the external potential with respect to the displacements pag;ger here. If the adsorbate phase is commensurate with the
allel to the line joining the centers of the two tubes surroundy, , 4ing potential provided by the substrate, the longitudinal
ing a groove  direction, see Fig. ) the constanfy, also  5qe will exhibit a zone center gap which can be related to
vanishes. the magnitude of the corrugation. This effect has been ex-

The force constants associated with the adsorbateﬁerimentally confirmed for Xe overlayers on (@l

adsorbate interactiorisr and 8 in Eq. (3)] are given as surfacé®?® and should in principle be observable for all
commensurate systems.
1 dv)
A= —| 7 y
a\dr/ _, IIl. VIBRATIONS OF Xe, Kr, AND Ar ADSORBATES

The ingredients necessary for the calculation of phonon
B d% modes are obviously the force constantgs and f,,,f,,.
- dTr ' 5) The first two can be calculated from the presumably known
r=a interadsorbate interaction potential, while théorce con-

wherer is the coordinate of relative distance between thestants can be calculated from the asdsorbate-substrate inter-

: : : : : ction potential.
neighboring adsorbates. The phonon dispersion relatlon?, . .
(q) for —m/a=q=/a, obtained as the solutions to Eq. The adsorbate-substrate interaction can be calculated as a

. e e . superposition of the adsorbate-nanotube interactions. It is

(2) with 0= fy=T,=1,,=0 are given as sufficient to consider only the two nanotubes surrounding the

groove, since the interaction of adsorbate atom with other

0 (q)=2 \/Esin ga nanotubes is vanishing!y small due to a Iarge diameFer of the
L M ’ carbon nanotubes typically encountered in experimé&hts.

2
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=100 —

substrate interactions from Table | of Ref. 7. Since the two
curves displayed in panela) and(b) of Fig. 2 pass through
the absolute minimum of the external potentig<8.5 A,
z=6.38 A), the external force constants can be obtained as
second derivatives of the potential curves presented in Fig. 2
at their minimum positions. Note that the potential is signifi-
cantly more anharmonic in thethan in they direction which
means that the harmonic approximation to the potential is
less satisfactory in the direction as can be seen from in-
spection of thin dashed lines in Fig. 2 which represent the
harmonic approximation. It should be mentioned that the
| minimum value of the potential we obtain is consistent with
o the one reported in Ref. 7. However, the binding energy of a
L Iy=§‘5 ‘Al‘ | | | | | single Xe adsorbate in this potential is not consistent with the
0 S e 65 7 75 75 8 85 9 95 experimental resuit(—282+ 11 meV) which is lower than
z[A] v [A] the absolute minimum of the p_otenﬂal we obtain here
(—225 meV). A possible small difference in the tube sepa-
FIG. 2. Full lines: External potential for Xe atom in the groove. rations at the surface of the bundle with respect to the corre-
(a) Potential along the direction. (b) Potential along the direc-  sponding separation in the bundle interior may be respon-
tion. Both curves pass through the absolute minimum of the potensible for this discrepancy. In addition, as shown and
tial located at y=8.5 A, z=6.38 A). Dashed lines: Harmonic ap- discussed in Ref. 10, small changes in the adsorbate-carbon
proximation to the potential. site effective potential may cause relatively large change in
. . the adsorbate binding energy.
Neglecting t_he discrete nature Of. the ca_rbon nanotubel, the The total adsorbate-adsorbate interaction encompasses di-
a?gorbate-smgle wall nanotube interaction can be Writtegy 44sorhate-adsorbate interaction and the indirect interac-
a tion mediated by the polarizable substrate material and other
21(0\ o adsorbate&?'® This interaction is generally different from
3—2<§) 7 M q4( 77)—(§> 7°Ms( 17)}, the corresponding irllt.eraction between the atoms in thg gas
@) phasg. The mqst critical adsorbates to be_con3|dered in the
remainder of this paper are Xe adatoms which have the high-
where e and o are the energy and range parameter of thesst polarizability of all the adsorbates we shall consider.
effective adsorbate-carbon site interaction which is assumeghile the substrate mediated forces can be calculated for a
to be of a Lennard-Jones form. The variaplelenotes the pjanar substrate material, it is more difficult to calculate
distance of the adsorbate atom from the axis of the tdb®,  hem and assess their importance for the substrate of present
the effective coverage of C atoms on the tube surfa€e (inerest, i.e., a bundle of carbon nanotubes. This issue has

=0.38 1/&), R is the tube radius, and the variablgis  peen discussed in the case of interstitial adsorption in Ref.
defined asy=R/p whenp>R. The functionM,(7) is de- 20.

fined as

-150

V(y,z) [meV]

=200 —

4
V(p)=3mhea?

Even though the many body forces should play a role in
- do dynamics of Xe monolayers on crystal surfatei,is often
M = ) 38 found that the gas phase Xe-Xe potentials provide very reli-
o(7) 5 — (8)
0 (1+7n°—2ncose) able phonon dispersiort&2! This is in part due to the fact
at phonon dispersions are not determined by the potential

The external potential can be constructed as a sum of th@

adsorbate interactions with two tubes surrounding a groové?self' but by its derivatives which may be less influenced by

From the thus constructed potential, the relevant externd['@ny-body effects. The only exception to this “rule” seems
force constants can be obtained using & to be the somewhat puzzling dynamics of Xe overlayers on

2-27 H
To illustrate the shape of the holding external potential, CY surface$”"*’In all the calculations to be presented, we
we plot in Fig. 2 the potential for Xe adsorbate along yhe Shall assume that the adsorbate-adsorbate interactions can be

andz directions. In this figure and in all subsequent calcula-Well represented by the corresponding gas phase potentials.
tions, we consider single wall carbon nanotubes with the We shall model the adsorbate-adsorbate interaction also
diameter of 13.8 A, arranged within a bundle in a triangularby ~ the  Lennard-Jones  potential egf(ogq/r)"?
lattice with the lattice constant of 17 &.The origin of the ~ —(og44/r)®], wherer is the interadsorbate separation, and
coordinate system is chosen in such a way that the centers efy and o4 are the energy and range parameters of the po-
the two tubes surrounding a groove are positionedyat ( tential, respectively. The equilibrium positions of the adsor-
=0 A, z=0 A) and (y=17.0 A, z=0 A). The parameters bates can be found from the static equilibrium condition, i.e.,
of the Xe-C site potential are obtained from the so-callecby minimizing expressioril) with respect to the lattice pa-
combination rules, as explained in Ref. 7. We adopt all theametera. Following this procedure, we find that the 1D
relevant parameters of adsorbate-adsorbate and adsorbal&tice parameter is given by
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TABLE |. Force constants and phonon frequencied pfT1, 3 . T T T T T
and T2 modes(Brillouin zone center and Brillouin zone edgir e
Xe, Kr, and Ar adsorbates in groove positions of the carbon nano- 51 Xe //,,——‘: ......... -
tube bundle. | \ /,/

Xe Kr Ar 2r /,/ \ |

a[A] 4.59 4.03 3.81 o80T Ar
£,y IN/m] 7.13 6.50 5.58 < it S ]
f,, [N/m] 4.01 3.19 2.58 Ut Lo 1
o [N/m] —0.0038 —0.003 —0.0024 = S/ \ .
B [N/m] 1.10 1.10 0.87 I g Kr ]
fiw (q=0) [meV] 0 0 0 05k //'.._,v -
o (q=m/a) [meV] 3.06 3.83 4.93 L Ll
fiw1,1(q=0) [meV] 3.899 4.660 6.253 Nl ! . ! . . .
hwr,(q=/a) [meV] 3.895 4.655 6.247 0 10 20 30 40
hiw,(q=0) [meV] 2.924 3.264 4.251 T [K]
hory(q=mla) [meV] 2.919 3.258 4.244 FIG. 3. Specific heat of Xethick full line), Kr (thick dashed

line), and Ar (thick dotted ling adsorbate chains in a groove as a
function of the temperature. The thin full line represents the linear

1382 |\ V6 low-temperature behavior of specific heat for Ar as predicted by Eq.
A= 0997\ 57567 ~1.1193yg. (9 (13), with i (q=m/a) =4.93 meV(see Table)L
) IV. SPECIFIC HEAT OF DENSE ONE-DIMENSIONAL
The force constanta and 3 [Eq. (5)] are then given as ADSORBATE PHASES
Knowing the dispersion relations for the adsorbate
€gg phonons, we can now proceed to calculate the specific heat
“:_0'166502 ’ pertaining to a dense phase of the adsorbates in a groove.
99 The heat capacity at constant volunig;, for a collection of
independent oscillatorhonons is given by’
€ 2
5=60.6152. (10 (@) oo kg
kgT

g,
99
CV:kBE ’ (ll)
I
Force constantr determines the dispersion of the transverse ) )
modes. It is negative due to the fact that the lattice parameté¥herekeg is the Boltzmann constant, is the temperature,
a is smaller than the equilibrium separation of the binaryand indexi counts the harmonic oscillators of frequencies

Lennard-Jones potential (1.12%,). Note also that|«| w; . In our case, the indekis replace_d by the phonon wave
<|B|, which means that the transverse modes have neglk€ctor, q and the phonon branch index (s=L,T1T2).
gible dispersion in comparison with the longitudinal mode. Relation(11) is thus rewritten as

If the adsorbates form a chain that is commensurate with 2
the substrate corrugation, the periodicity of the one- M} ehos(@)/kgT
dimensional chain of atoms may be different from the one ~ Nkga f"’a kgT
obtained here by neglecting the substrate corrugation. In this VT o %, [elos(@/keT _ 172

case, all the force constants may change. On the other hand, .
for the incommensurate chain, our model should provide rewhere we have transformed the sum over wave vectors into

liable results. an integral asEqH(LX/w)fg’adq. Here,L, is the length of

In Table I, we summarize the lattice parameters and thé¢he adsorbate chaiior groove and the number of adsorbates
force constants needed for calculation of the phonons in thwithin a particular groove iN=L,/a. It is easy to check
specific cases of Xe, Kr, and Ar atoms adsorbed in a groovehat in the limit of high temperaturepkgT>%ws(q), S
We also summarize the mode frequencies at the Brillouin=L,T1,T2], the specific heat in Eq12) reduces to its clas-
zone center=0) and the zone edge & 7/a). As can be  sical valueC,=3NKkg.
seen from the table, the transverse modes for all adsorbates In Fig. 3 we plot the specific heat for Xe, Kr, and Ar
considered have completely negligible dispersion throughoutdsorbates obtained from E@.2) by using information on
the Brillouin zone. We also find thait,(q) <wt,(q) which  the adsorbate phonons summarized in Byand Table |. As
is a consequence of a specific shape of the potential expergan be seen, at high temperatures all the three curves tend to
enced by adsorbates in the groove. This means that the pthe classical limit.
tential is “softer” with respect to adsorbate displacements in  To separate the influence of transverse modes, we plot in
the z direction (see Fig. 2 Fig. 4 the three different contributions to the specific heat of

dg, (12
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3 T T T T T kaT
i : Cy~2.09Nkg ———— (13)
v Bhw (q=mla)"
25 L+T1+T2 . ]
\ | The linear dependence of specific heat on temperature is a
Xe consequence of effectively 1D behavior of the chain at low

temperatures and can be easily seen from Fig. 3 at tempera-

ol tures lower than~4 K. Equation(13) also implies that the
% 1.5 Only T2 . measurement of specific heat at low temperatures would
J Ot OnlyL 1 yield an information on the maximum frequency of the lon-
s I gitudinal mode(Brillouin zone edge frequengyAs this fre-
I e T T EITI I RIS _ quency crucially depends on the interadsorbate potdi!
P (5) and Eq.(6)], these measurements could yield an informa-
0.5 - B - — . . . .
AP Only T1 tion on the effective interaction between the adsorbate atoms
c‘f:'/l | | | which may be modified by the presence of the substrate ma-
05 =0 ' 20 ' 30 ' 20 terial, as discussed in Sec. Ill.
T[K
(K] V. SUMMARY
FIG. 4. Separate contributions of three modes of Xe chainto the o o6 stydied the vibrational properties of linear dense
specific heat. Dashed lind: mode. Dash-dotted lineT2 mode. h s of adsorbates in the arooves of the carbon nanotube
Dash-dash-dotted lind:1 mode. Full line: total specific heat of the phase 9 o .
Xe chain bundles. The three modes characterizing the adsorbate vibra-

tions have been identified and their frequencies have been
a chain of Xe atoms, i.e., in the sum in E42) we consider calculated for Xe, Kr, and Ar adsorbates. We have also cal-
only one mode(eithér.L.,Tl or T2). As can be inferred culated the specific heat corresponding to the linear phase
from this figure, the low-temperature behavior of the specific@d identified the temperature regimes in which the trans-
heat T<4 K) is completely determined by the longitudinal verse modes begin to significantly contribute to the spe_cmc
mode. At temperatures higher than about &t Xe), all the heat. The presented results should serve as a useful guidance
modeé in the sum in E4L2) must be considered bue to the in the measuremengs of specific heat of gases adsorbed in the
fact that the transverse modes have higher frequencies for K]anotube materiafs’
and Ar adsorbates, their contribution to the specific heat be-
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