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Laser spinning of nanotubes: A path to fast-rotating microdevices
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We show that circularly polarized light can spin nanotubes with GHz frequencies. In this method, angular
momenta of infrared photons are resonantly transferred to nanotube phonons and passed to the tube body by
“Umklapp” scattering. We investigate experimental realization of this ultrafast rotation in carbon nanotubes,
levitating in an optical trap and undergoing mechanical vibrations, and discuss possible applications to rotating
microdevices.
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Carbon nanotubésave unique mechanical and electronic
properties with many potential applicatioh¥hey possess a H=2 fhoblb,+> u, EX()(b] +b, )
huge Young’s modulu®¥’>1 TPa, which adjusts their au- “ o= -
tonomous mechanical oscillations to MHz frequendies.
Moreover, their “molecular structures” remain naturally + 2 (Ca, pblL bgb +H.C)+Hy. (1)
stable even at large deformatichs. ac By T N

Therefore, rotationally symmetric structures based on stiffrhe first two terms describe phonon modes (bandk)

ggggrt;be”s] Cc%ﬂt?afé)trrpoI%ﬁ?ﬁgglI;/O%?ic\%r?%rilgacoiléers%?rﬁ)ll- and coupling of the chosen IR circularly polarized optical
. - ; T _o-U2pt +int

ning with Hertz frequencies, such tubular structures couIaDhO?SZr]S' W_'th operatots b_ar 2 (PaX:'bay) andb,,
rotate very fast, if angular momentum is efficiently trans-=2" ~“(DaxFib,y), to the light intensitye ™~ (t) of the same
ferred to them and friction is reduced. polarization. The third term denotes decay of these IR

Small heteropolar molecules can be dissocidtédsyn- ~ phonons, with wave vectork~0, into phonon pairs with
chronouslyrotated with a dipolar laser trap, which acceler- opposite wave vectors k, which most likely come from the
ates its angular velocity. Larger moleculesand same acoustical bran¢f’* These also cannot carry angular
microparticle§ can be rotated by absorption of angular mo-quasimomentunt, which is passed to the tube by Umklapp
mentum from circularly polarized or “twisted” laser beams. processes. The resulting tube rotation is predominantly
Nanotubes are excellent candidates for thgynchronous damped by scattering with molecules, as describetd jn*
driVing, where the SyStem rotational fl’equency is much In F|g 2, we show twc(doub|y degenera}dR modes in
smaller than the light frequency. ~ the elementary cell, with 40 atoms, of tfi0,10 nanotube.

Here, we investigate ultrafast asynchronous rotation inq, the A,, andE;, modes, the atoms move out of plane and
dl.Jcedlln nanotubes.by excitation of thmbratmnal_modes in plane, respectively, orthogonal to the tube dfigs shown
with circularly polarized light. The mode selection is re- py open circles. Combination of the two degenerate linearly

by the tube transfers to it angular momentéinand energy

hw. The resulting heating can be limited in excitation of o o o o o
infrared (IR) A,, or E;, phonon modes, active in graphite - ° o o o
and nanotubes. E+ S = >

In Fig. 1 we show two schemes for spinning nanotubes. In 9—9 i ) (l)rot) ) |
the upper one, circularly polarized light beam propagates == = -
along the symmetry axis of the single-wall nanotube — > ° o _ o ° L ° °
(SWNT) or multiwall nanotube(MWNT), levitating in an o ° ° °
optical trap. The photon angular momentum is transferred to J7 i;\EJ’/J]
circularly polarizedphonons, counterpropagating on the tube o

circumferencdsee Fig. 2, and latter passed by scattering to
the tube body. The angular momentum of light could be also
directly passed to the nanotube in excitation of its dense
rotational levels. The resulting tube rotation with angular fre-
guency w,.; is mostly balanced by friction with the sur-
rounding molecules. In the lower configuration, a closed
nanotube riny is analogously rotated by absorption of cir-  FIG. 1. Scheme for nanotutap) and tubular ringdowr) spin-
cularly polarized photons. ning with angular velocityw,o, in a laser trap. Their rotation is
We can describe the excitation of nanotube phonons binduced by absorption of circularly polarized photons from a laser
circularly polarized light, and the subsequent relaxation, withbeam with intensityE*, propagating along the axis of rotational
the simplified Hamiltonian symmetry. Scattering of molecules with tubes damps the rotation.

o
+— (Drot
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of either symmetry, which can absorb angular quasimomen-
tum from circularly polarized photons. The atomic displace-
ments break the tube symmetry and induce electric dipoles
(+ =), which follow in time the polarization of the circulat-
ing electric fieldE™. The effect does not rely on coherent
light and can be also realized in tubular ringee Fig. L

As an example, we consider excitation of thg, mode.
The total numbeln,i2u of circularly polarized phonons, ex-

cited in the vicinity ofk=0, is given by the Boltzmann equa-
tion

+ _ .t ) . ) . . ) .
IMa,, ey Mg, ™ NA,, equil FIG. 2. Nanotube cross sections with light-induced atomic dis-

o Nag, ™ T ) 2) placementgopen circleg from equilibrium positiongfilled circles
2 in two IR phonon modes, with thé,, and E;, symmetries. A

S S _ _ . circularly polarized lightE*, excites phonon waves, which propa-
nAZu is their injection rate andAZu_Zﬁ/7A2u~2 ps, is the gate unidirectionally on the tube circumference in phase with the
relaxation time, Where/A2u~22 cm 1 is the width of the IR light polarization.
phonon lines in nanotubé$ We neglect small populations
Na,, Of phonons with the opposite polarization, resulting in ~ In Eq. (2) these processes are represented by the relax-
scattermg ation timerA . which could be derived from Eq1) follow-

The absorption I|ne of thé,, (E;,) mode was observed ing Klemenst® s experimental valuera, ~2 ps, is in
nearwa, =870 cm 1 (1580 cm'!) in both graphite and C  agreement with decay times of the suggested processes real-
nanotubes In graphite, thé,, mode has an oscillator ized in other system¥. Since ab initio calculations of the
strengtli f~0.004, which we assume to approximately hold Phonon matrix elements,_ ;. are lacking, we use this
in C nanotubes. Its optical dipole moment”is,uA2u value of A, in our modeling. Equation 2 then gives the
—eJShf/Zmosch ~10"3 Cm, wheremysc=Mcammof2  Steady-state angular quasimomentum inAbg phonon bath
is the oscillator mass Using the Fermi’s golden rule, and_A —ﬁAnA LAZUTAZU~5.2>< 1074 Js.
assuming thanA ,equit ~0, we obtain the injection rate The angular momentum is transferred to the tube body at
the rateL~L,, . Nanotubes in liquidS or under atmo-
spheric conditions would rotate slowly, since collisions with
the surrounding molecules quickly dissipate the acquired an-
gular momentum. On the other hand, in low-vacuum envi-
WherEp(wAZU) is the density of phonon modeslkat0. An  ronment, with realistic collisional rates k~10" 12
armchair (10,10 nanotube of length=1 wm hasn~1.6 —10*° cm® s™*, damping times of the ordefy,mz~10 s
x10° C atoms andN=n/40=4000 elementary cellsA,, are readily achievable. The tube thus keeps a steady-state
modes withk#0). About 10% of these mode@roundk  angular momentunh~L,, Tgamy™~2.5X 1028 Js.

=0) fall in the energy windowy,, , thus giving the effec- The nanotube rotation frequenay,, can be found upon
tive mode densityp(wa, )~400ky,, . For a field strength calculating its principal moments of inertfg?°

=10 kV/m, we then obtain from Eq3) that hX2u~2.5
X10° s 1. The IR phonons thus absorb the angular quasi- A=B:M<
momentum with the raté,, =fin, ~2.5x10°2° Nm.

We can understand the angular quasimomentum Umklappbere M =pl, ro, r;, andl are the nanotube masp (s the
processes by unrolling the nanotube, and loosely bindindjinear density, exterior and interior radii, and length, respec-
many such sheets into a superlattice of lattice consagnt tively. For the (10,10) armchair nanotube with=(r,
=2, wherer is the tube diameter. Then, the IR phonons+r;)/2~0.68 nm and I=1 um, we obtain M~1.9
modes have the transversal wave vedtgr2m/a, which X102 kg andA~1.6x 10 kg m?~1.8x 10°C.
falls in the middle of the second Brillouin minizone of size  Finally, we find the rotation speed,,;=L/C~28 GHz
Q=K,. In a two-phonon Umklapp decay, the momentumfor this elementary nanomechanical device. Centrifugal ac-
conservation isKo+K;+K,=Q (transversal wave vectors celeration on its surface is enormous=rw?2,=0.5
of the decayed acoustical phonons &rg,=0), where the X 10 m/$~10"g. This value surpasses by two orders of
vector Q interconnects centers of the first and second miniimagnitude the acceleration obtained with sub-millimeter
zone. In the nanotube, we can vector multiply this identity bysteel ball’* and by five orders of magnitude acceleration in
#r, and obtain théUmklapp angular quasimomentum con- the fastest centrifuged. Since fora=10'g, the force on
servationLy+L;+L,=%QXr (Ly,=0), whereLo=%K, each C atomF~13 ueV/A is still negligible with respect
Xr=h. to chemical forces (1 eM), the tube rotation could be
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further increased. On this path to “teragravity,” unique pa- 1.0 300 ;
rameters of nanotubes can play a pivotal role. 95017025 hmy

We can now discuss in more details practical spinning 200 /"

experiments. Isolated SWNT or MWNT have been grown,
for example, on an atomic force microscopeipyhich can

— 150 /05 pm
N / g
be later placed inside an optical trap. The nanotube can be %
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severed from the tip using, for instance, a focused electron
beam?* Detached tubes could be also transported to the trap
by recently developed nanotweez&ts he optical trap can

be formed by two linearly and mutually parallel polarized,

counterpropagating laser beaffis. Qoon
. eyl
Nonresonant scattering of trap-beam photons from the 0.0,
nanotube with polarizabilityr produces a force, oriented in -0 1 2 3
the direction of increasing light intensity that results in the 1 [um]

potentialU = — al/2c (c is the speed of light The longitu-
dinal a,,~500 A%/atom and radiak,,~25 A%atom static
polarizabilities of semiconducting nanotubeare quite dif-
ferent, and this difference is even larger in metallic tubes
Therefore, the tube in the trap remains oriented along th
beam polarization axis, where it experiences the trapping p

FIG. 3. Dependence of the critical flexural frequencigg on
the nanotube length The two thin horizontal dashed lines corre-
spond tow.y andw¢,,. In the inset, we showy, as a function of
(tahe bending modal numberfor nanotubes of different length.

%he trap is suddenly switched off, a micron-long nanotube

tential rotating with frequencyw,,;=28 GHz, and initially dis-

_ 126?242 o 22 turbed on its side, would precess with the frequengy,.
U~—Uge! "ol ~—(Up=S)e #'2. (5)  _cg,  JA~175 kHz, _

Herex,y,z (r=x2+y?) are the tube center-of-mass coordi- In long nanotubes, one needs to consider dlsrural

; i el8-20 o ;
nates, andS=S,l=U,/o? is the trap rigidity. To prevent vibrations. The critical _flexural frequencies; can be
So o P ngicity P valuated from the equations for lateral deflectix{g),

thermal escape of the tube from the trap, we consider a tra‘f) ; . S .
depth Uy=na,,1/2c~10 eV, and obtain ~1.2 GW/cn?. y(2) at_dlffe_rent_ pointz along the trap axis, if the rigid-body
The trap laser frequency must be below the band Bgp approximation is abandoned. The equation for xheeflec-
~1 eV, and away from the frequencies of the tube internaf'©" 'S

modes, see below. Assuming that~1 um, we find S,

4 2 2 [ 12 2
—Uo/lo?~16 . N2 a_(ﬂ_)wz(ﬂ_v)
Small amounts of defects and adsorbants on the tube 9z at a2\ 9z at\ gz
walls do not prevent its spinning, but can shift its rotation )

frequency. In accordance with the De Laval principle of
self-balancing® such a partially coated nanotube floating in .
the trap would rotate around an eccentric axis. Rapid rotatich’rn%nt 2f nanotube cross section, and the f""mga
of the nanotube can be also limited by its mechanical vibra—P(fe*+Ti)/2 are the densities of the moments of inetfia,
tions in the trap, as discussed below. To avoid its large og¥hich correspond to the bulk expressions in E4).in the
cillations, the critical frequencies should be quickly passedMit |—0. The equation for thg deflection results from Eg.
during the acceleratiot?:2 (7) by exchanging«—y an_d a negative sign in the last _term.
Thecylindrical whirl modée® reflects the rigid-body vibra- ~ The flexural frequencies correspond to the solutiens
tions of the tube orthogonal to the trap axis. The forward=XoC0S@rt), y=Yosin(wd) in Eq. (7). This substitution
(backward cylindrical frequencies arew.,;==*Sy/p  9IVesS an ordinary dl_fferentlal equation, identical for both
~=+9.2 MHz. In theconicalwhirl mode, the tube ends move the x and y deflections. For simplicity, we apply the
in opposite directions with respect to the tube/trap axis. For §l2mped-end approximation, with the boundary conditions
tube distorted through the angk the torsional moment is  Xo(Z= £1/2)=d"X(z= +1/2)/dz2*=0. ~ The SOIUt'OQS
M~ —S|%6/6, resulting in the Euler's equatidR AwZ,, 2 Xo(2)=AC0SEZ) or Xo(2)=Acsin(ez), where &
= Cwyo@eont Sol3/6. UsingA~pl3/12, valid forI>r, we  —(@TVa"=4BYDI2Y], a=awi-Cogwr, and f=S

HereY is the Young’s modulud,= 7(ré—r")/4 is the second

obtain —pwfz. Thereforeg=n=/l, withn=1,2,3 ... indexing the
eigenmodes, which leads to thetical flexural frequencies
Cwrot Cwror|? 259 (00 = @yot)
= —+ .
@con oA ( 2A + o (6)

Solp+(nal)*Y 1/ p
We can see that the modal frequencies depend,gndue to Wn= 1—(nmr/)22
gyroscopiceffects®® Since the raticC/A~1"2 is small, the &
effects are suppressed by the potentisl so that we,n  We use the value¥~5.5 TPa anch=r,—r;=0.066 nm,
~\2w.y. From Eq.(6), we find that they begin to play a found in molecular-dynamics simulatioffs.
role for tube lengthd <(re+r;)V3woi/wey~130 nm. If In Fig. 3, we show the dependence of the lowest critical

®
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frequenciesw;, on the tube length, calculated from Eq8)  (Ref. 29 or in assemblies made from nanotube rings, form-
using the numerical values fof. h, p, S, andr. For long N9 strong but flexible skeletal coats. One could also think
tubes, the frequencies;, coincide with wey,, while for about possible applications of rotating tubes in liquids.

shorter tubesl 1.3 xm), the bending term surpasses the SloWly rotating coiled nanotub&could, for example, pro-
trap term, andw;,=(nm/1)2yY1/p. In the continuum de- pel microscopic systems, which would chemically power the

scription, gyroscopic effects become only important for highmtat!on sg thgse_tubes that attaghed to thel_r surfaces in
eigenmodesi~I/r. In the inset of Fig. 3, we also show the pearmg ,@s in biomotors. We believe that unique proper-
dependence ob¢, on n for tubes of different lengths. The ties of nanotube; made from carbon gnd other materials
huge Young's modulud’ makes the density of critical fre- could foster applications with rotating microelements.
guenciesws, relatively low, especially for short nanotubes.  We would like to thank R. Saito and G. Dresselhaus
This allows for a rapid traversal to the “supercritical state,” for data on IR phonon modes and several useful discuss-
which is realized above the flexural or other vibrational fre-ions. P.K. would like to acknowledge support from EU
guencies. COCOMO. This work was also supported by the US Na-

Rotating nanotubes could form parts of nanomotors, centional Science Foundation through a grant to the Institute for
trifuges or stabilizers. Centrifugal studies could be per-Theoretical Atomic and Molecular Physics at the Harvard-
formed inside microtubes with large diametets-10 um Smithsonian Center for Astrophysics.
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