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Ab initio study of relative motion of walls in carbon nanotubes
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We study the interwall interaction and relative motion of walls in carbon nanotubes using density functional
theory. The interwall interaction energy surface as a function of relative rotation and sliding of walls is
calculated for thé5,5@(10,10 nanotube. The barriers to relative rotation and sliding are estinadiexditio
for the chiral walls of thg8,2@(16,4 nanotube. These results are used to extract information on experimen-
tally measurable quantities, such as threshold forces, diffusion coefficients, and mobilities of walls. Possible
applications of these nanotubes in mechanical nanodevices are discussed. Two distinct regimes of the wall
movement exist: athermal, forced moveméatcelerating modeand movement controlled by thermal diffu-
sion (Fokker-Planck mode We calculate the limits of these regimes from first principles.
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The discovery of carbon nanotuBes regarded as one of positions of walls corresponding to extrema in the interwall
the most important advances in materials in the latter part oihteraction energy surface, are uniquely determined by the
the 20th century. A wide range of applications in nanoscalesymmetry of the syster:'® According to the anticipated
electronic, optical, and magnetic devices can be envisagegopological theorem? extrema in the interaction energy sur-
ranging from logic elements to single-molecule sensing deface correspond to the relative positions of walls, wherein the
vices. The weak interwall interaction within multiwalled car- symmetry of a DWNT is maximuntsome of the second-
bon nanotube$MWNTs) gives an extremely smooth solid- order axedU, of the inner and outer walls are in lineThis
solid interface which can provide perfect bearings forgiatement has been used in Ref. 24 to obtain the relative
possible nanodevices, such as free sliding telescopic arms,sitions of walls corresponding to minima of the surface for
nanogears driven by a laser electric figldy ultrasmall various DWNTs. For thé5,5@(10,10 DWNT, minima in

. . . '5 . . _ . ; . . L) i) L) i )
switching devices:> A big family of nano-objects based on the interaction energy surface form a rectangular lattice with

relative sliding, rotation or screwlike motion of walls of . o .
' . " periods 6¢,=7-r/10=1§ along the direction of relative rota-
MWNTs has been proposed recerftty. Theoretical model tion of walls, &, and8,=T/2=1.23 A along the direction of

ing of the orientation and relative motion of walls holds the . . . _ _ :
key to the success of these applications. The first experime€l relative displacemeng, [T=T(5,5=T(10,10 is the

tal studies of relative motion of walls in nanotuBé&&lland 'ength of translational unit cell Previously published local-
considerable advances in syntheses of double-walled carb&lgnsity approximation(LDA)-density functional theory
nanotubes(DWNTs),12-15 yield a firm experimental back- (DFT) result® have been the most accurate estimates for the
ground for the present theoretical study. barriers to relative motion of the5,5@(10,10 DWNT, al-

The majority of DWNTs have been studied with semi- though the value of the rotation barrier has been calculated
empirical pairwise potentials for the interaction between théor the rotation of walls by 2/120=3. The presence of two
atoms of neighboring wall®7:16-20 or with simple tight- equivalent extrema per one elementary cell in the interaction
binding techniqued!-?? The interaction between walls in the energy surface of th€5,5@(10,10 DWNT found by the
(5,5@(10,10 DWNT (in Hamada index notatiorhas been tight-binding methoé contradicts the anticipated topologi-
particularly well investigated with a variety of cal theorent* To settle these issues, we calculate the inter-
methodg®18.19.21-24owever, the use of semiempirical inter- wall interaction energy surface for ti(&,5@(10,10 DWNT
atomic potentialditted to graphite propertiess insufficient ~ from first principles.
for quantitative estimations of barriers to relative rotation of We then address the more demanding problem of the rela-
walls for nanotubes with small radii. The barriers to relativetive motion of chiral commensurate walls in DWNTs and
rotation and sliding of walls calculated for tk®,5@(10,10 present the firsab initio results on the interwall interaction
DWNT with the Lennard-Jones interatomic poterfiaPun-  in the (8,2@(16,4 DWNT. The (8,2@(16,4 DWNT has a
derestimate thab initio results of Ref. 23 by about an order unit cell consisting of 168 carbon atoms, this is the smallest
of magnitude, whereas the barriers obtained using the Crespiit cell of commensurate chiral walls. We use #ieinitio
semiempirical potenti&® are significantly higher than tteb  results to estimate experimentally measurable quantities,
initio. In addition, positions of minima in the interaction en- such as diffusion coefficients, mobilities, and threshold
ergy surface of thé5,5@(10,10 DWNT calculated using forces for relative rotation and sliding and compare with re-
the Lennard-Jones potenfiabre shifted both in sliding dis- cently measured threshold forcéswe find that the relative
placement and rotation angle by half a period in comparisormotion of walls in DWNTs with chiral and nonchiral com-
to theab initio results of Ref. 23 and this work. mensurate walls are fundamentally different in nature. De-

Periods of relative rotation and sliding of walls in DWNT pendence of the relative motion of walls on chirality of
between the equivalent configurations, as well as the relativBWNTs has been previously suggested qualitatively using
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FIG. 1. Interwall interaction
energy U (in meV/atom of the
(5,5@(10,10 DWNT as a func-
tion of relative displacemerz (in
angstroms of walls along the
nanotube axis and angtg (in de-
grees of their relative rotation.

semiempirical model§’~2°We confirm that two distinct re- AU, 27\ AU, o2

gimes of wall movement exist: athermal, forced movement U(z,¢p) =Uq - 2 {?Z) ) C°S<5_¢) 1)

(accelerating modeand thermal diffusion of wall§Fokker- ‘ ¢

Planck modg We estimate the limits of these regimes from whereU, is an average interwall interaction energy), and

first principles. AU, are the energy barriers to sliding and rotation of walls,
Interwall interaction energies have been obtained with théespectively. Estimates for the energy barriers obtained from

AIMPRO supercell code, within the LDA-DFT approath. the surfaceFig. 1) are given in Table I.

The pseudowave functions are described by four atom- For the chiral8,2@(16,4 DWNT, the barriers are lower

centered Gaussian functions per atom, expanded in spherician those for th€5,5@(10,19 DWNT by about two orders

harmonics up td=1, with the second smallest exponent ex-°f magnitude, because of the incompatibility of symmetries

panded td=2. For the(5,5@(10,10 DWNT, the supercell of the phlral walls which results in %hlgh density of equiva-

consists of 60 carbon atoms and the Brillouin ZiBZ) Ignt minima on Fhe energy surfa®?Extremely small bar-

sampling has been performed using 12 spekipbints (in riers were previously reported for t{8,2)@(16,4 DWNT

9 ) AU,=5%x10'meV per atom, Ref. 19and for several
the direction of the nanotube axisFor the (8,2@(16,4 (AU, L . - i
DWNT, unlike in the electronic structure calculations, two other DWNTSs(Refs. 17-2p using semiempirical potentials,

specialk points in the BZ is sufficient to achieve the required

accuracy of the interwall interaction energies. Nonlocal, i e > |

norm-co);]servin seudopotentfland the IgerdeW-Wan rotational diffusion of the inner walls in thé,5@(10,10 and
h ?tp f FE Rah b d 9 (8,2@(16,4 DWNTSs. Threshold forceB, are calculated for a wall

exchange-correlation functio ave been used. 100 nm in length. For th€8,2@(16,4 DWNT, we estimate the

Minima in the total energy are found using a conjugateypner jimits of the barriers and associated parameters. The details of
gradient scheme to an accuracy ofu&V/atom. Positions of  the calculations are described in the text.

all atoms in the isolated SWNTs are optimized initially, and
the interwall interaction energy is then calculated as the dif- Characteristic Units  (59@(10,10  (8,2@(16,4
ference between the total energy of the DWNT and separate

TABLE I. Characteristics of diffusion along a nanotube axis and

SWNTs without correcting for basis set superposition error. ~ AVaz meV/atom 0.249 <0.002
If the full counterpoise procedure of Boys and Bern#di AUy meV/atom 0.519 <0.003
applied, the absolute value of barriers may change within 5% & m?/s 1.2x10°® <0.4x107°
depending on the size of basis set. The basal plane binding b, K/inm 224 <2
energy of graphit® and elastic properties of graphi®, a, racf/s 1.4x 101 <4x10°
which are highly sensitive to the interlayer interaction, are bs K/nm 465 <3
both reproduced very well by these LDA-DFT calculations. I, nm 52.8 ~5500
The calculatedhb initio interwall interaction energy sur- ly nm 25.0 ~3000
face for the(5,5@(10,10 DWNT is shown in Fig. 1. Within F, AN 8.4 <02
the accuracy of calculations, the interaction energy can be Fy AN 200 <03

interpolated as
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however these efforts were based on the assumption of rigidUg+a/2x%+---. With a simple manipulation, formulé2)
unrelaxed walls. Absolute value of the minimum of the in-can be developed into the expressions below for diffusion
terwall interaction energy in thé€8,2@(16,4 DWNT is  coefficients corresponding to diffusion along and about the

found to beE,;,=—17.5 meV/atom. nanotube axis
Given the high Young modulus of nanotubes and the very
weak interwall interaction, we consider the case of rigid con- D,=a, exi_ @) X=2¢, (4)
certed diffusion of walls in DWNTSs, i.e., we suggest that all T
barriers to relative motion of walls in DWNTs are traversed
in a commensurate way. We use the Frenkel-Kontorova AU w5, |AU
model3! which represents a prototype of modulated incom- a;= 7o, Zn:Z' ay= _R(é 2_r:1(é 5
mensurate system, with parameters extracted from our first
principles results to assess the possibility of formation of an
“incommensurability defect’(ID) on walls of a DWNT. bx:%, X=2¢, (6)
Simple estimates show that the length of an IDljs Ik

=50 nm with formation energy,E=1.00 eV, for the
(5,59@(10,10 DWNT, andl ;=170 nm with formation en-
ergy, Ep=0.04 eV, for the(8,2@(16,4 DWNT. In case of
the (5,5@(10,10 DWNT, energy of the ID formation is too
large for the defect to form at room temperature, and for th
chiral (8,2@(16,4 DWNT, we give the lowest estimation of from the diffusion coefficientdD, using the Einstein ratio

th‘i. ID :e(rjlgth lvvhic_rllr::an fbe, in _pr?ccijpf!fe, far gr?ater”tha;nktheD:kTB To characterize the rotational drift we introduce the
estimated value. Therefore, rigid diffusion of walls takes . .0-- mobility as

place at room temperature for short movable wétisndi-

whereAU,, are the barriers per atom of the movable wail,
is the mass of carbon atom, is the number of atoms in the
elementary cell of the movable wall, is the length of the
elementary cell, antis the length of the movable wall. The
e?nobility for sliding along the axi®, can be easily obtained

tions at which formation of the ID is highly unlikelyand can _W_DyR
be considered as a valid process in hanomechanical devices. By = E~ kT’ (7)

Now we turn to the problem of diffusion and drift over
these barriers. Recenfly, the Fokker-Planck equation was Wherew is the angular velocity of the movable wall akds
obtained for the diffusion and drift of DWNT walls at tem- the sum of tangential components of forces acting on atoms
peratures\U <kT along the helical line, where the diffusion Of the movable wall.

coefficientD and mobility B of a movable wall relative to To estimate the threshold forcBg andF, for the relative

the fixed one were defined as sliding and rotation of the walls, we use the expangibrof
the potential relief. Then the threshold forces can be ex-

Ors AU pressed as
P=% o ) @
F = WAUaZNa|, ,= AU 4Nql ' ®
S AU 5. S54RI

B:ﬁ— X~ T ) (3 The results of the estimations are tabulated in Table | and

they correspond to the range of forces obtained by atomic

where () is the preexponential multiplier in the Arrhenius force microscopy? As the threshold forces are proportional
formula for the transition frequency of the system betweerto the barrier to relative motion of walls, theib initio val-
the two neighboring minimaj is a distance between the two ues for the(5,5@(10,10 DWNT are several times larger
neighboring minima of the interaction energy surfacethan semiempirical ones of Ref. 19, but they agree well with
U(z,#R) in the direction of motion of the wallR is the  the experimentally observed forc¥s.
radius of the movable wall. In this work, we consider the In experimeng controlled and reversible motion of walls
specific case of rotational diffusio®=9,R, and diffusion has been realized experimentally using nanotubes which
along the nanotube axig$=4,. were hundreds of nanometers in length. Therefore, we first

The factor() is often assumed to be the same order ofcalculate the length§, (see Table )l characterized by one
magnitude as the oscillation frequenoy of the system near displacement of the wall between the two neighboring
the minimum. The value of the frequency multiplier was minima of the interwall interaction energy surface, on the
estimated in Ref. 32 a8 =650+350 GHz for the rotational average, say, during 24 h at room temperature. For the
diffusion of shells of the carbon nanoparti€lg,@C,4 For  (8,2@(16,4 DWNT, the length of the inner movable wall
the same system, the averaged frequency of rotational osciéxceeds 100 nm both for sliding and rotati@ee Table )l
lations of the shells igy=350 GHz, giving the ratid)/w,  For these experimentally feasible cases, we estimate diffu-
close to 1. Since the weak interaction in nanotubes is similasion coefficients and mobilities for diffusion and drift of the
to that between graphitelike layers, we take the value ofnner wall. For thg8,2) wall 100 nm in length, the estimated
O/ wy~1. diffusion coefficient for sliding along the nanotube axis is

To estimate the frequenay, of small-amplitude oscilla- D,>2 X 107%% m?/s and the rotational diffusion coefficient is
tions of a wall near the minimum of the potential relief, we D ,>2X 10° rac?/s. Corresponding estimations for mobili-
use the expansion of potentiél) near the minimun(x)  ties areB,>5x 10'° s/kg andB,>2x 10?° s/kg m.
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Using the(5,5@(10,10 and(8,2@(16,49 DWNTs as ex- cal nanoswitches operating under accelerating mode can be
amples, we consider two different operation modes whictenvisage®:” For the(5,5@(10,10 DWNT, the diffusion of
can be used in mechanical nanodevices based on the relativells is possible only for a very short length of the inner
motion of walls of carbon nanotubes under the action ofyall, and this DWNT can be thus only used in nanodevices
external forces, which do not cause their deformation. Thevhich operate in accelerating mode, as there is no risk of
motion of walls is controlled by diffusion ikT<AU, and  diffusion of walls to hinder the operation of a nanodevice.
drift if F,6/2<AU (F, is the projection of the force causing The (8,2@(16,4 DWNT can be used in nanodevices in ei-
drift in the direction of motion and the time-average accel- iher mode depending on the temperature.
eration is zero. In the case of t1i8,2@(16,4 DWNT, the In summary, we have derived from first principles experi-
diffusion of walls is significant and the motion of walls can mentally measurable characteristics, such as threshold forces,
be described by the Fokker-Planck equatifor forces giffusion coefficients and mobilities of walls, for the
Fedl2< kT).57 In this case, nanodevices, such as the me(s 5@(10,10 and the chiral(8,2@(16,4 DWNTs, which
chanical nanoswitchor nanodril”® can operate in the re compatible both with symmetry theory and recent experi-
Fokker-Planck mode based on relative drift. Unfortunately,,ents. Our approach can be applied to a wide range of pris-

the Fokker-Planck operation mode does not allow the precisgne and defected DWNTs with different chiralities and
control of relative position. The second type of possible OP-strength of interwall interaction.

eration mode is the accelerating modg /2> KkT). In this
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