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ABSTRACT

Phonon-induced dephasing of electronic transitions in semiconducting single-wall carbon nanotubes (CNT) is investigated by ab initio molecular
dynamics. Pure-dephasing is shown to be the source of the photoluminescence linewidths observed experimentally in isolated CNTs at low
and room temperatures. In ideal tubes, the dephasing is found to occur by coupling to optical phonons. The dephasing proceeds notably
faster in the presence of some defects due to stronger coupling to local modes, suggesting that the defects can be identified in CNTs by
broadened optical bands.

Carbon nanotubes (CNT) are one of the most intriguing and synthesis of CNT samples greatly enriched in a single species
robust elements of the emerging nanotechnology field. Their is one of the most promising current advantes.

potential in numerous applications, ranging from quantum  Because of improvement in the processing and production
wires! to field effect transistofsto incorporation in photo-  of CNTs, applications in molecular and quantum information
voltaic devicedhas led to the exertion of great effort in the technology are moving forward.Electron-phonon interac-
scientific community to elucidate their electronic, chemical, tion'®> and phonon-induced electronic depha&irgay key
vibrational, and optical propertié<Of particular interest for ~ roles in many applications. For instance, the response times
incorporation into nanoscale applications is the understandingof logic gates’ optical switches® and laser$ based on

of a CNTs’ response to optical stimulatiér. CNTs depend on the electrephonon coupling. Energy loss

Synthesis and purification is one of the greatest challengesthat determines th2e3 conductivity of CNT wifés'and field-
faced by the community studying nanotubes. The electronic €f€ct transistor$* occurs by charge-phonon scattering.
structure of CNTs is intimately linked to the twist (or chiral Electron-phonon interactions provide a mechanism for the

- - S
angle) the carbon atoms take as they build these nanoscal%)_ bser_v etd E upercon?qctl\:lty ;)f?é: NG tand dcre?te _dlstgr
cylinders® The extreme conditions during synthesis and large 1ons In tube geometric structu Quan um dephasing due

S ) : . .. to the electror-phonon coupling sets limits on coherent
distribution of possible chiral angles and diameters make it . .

e . . : spirt” and charg® transport through CNTSs.
difficult to separate and isolate single CNTs. Optical o ; . )
measurements on bundles or ropes of CNTs lose much of y|brat|onally !nduced dephasing may b'e directly mea'sur'ed
the fine spectral structure. However, in the past few years using photoluminescence (PL), photoluminescence excitation,
great strides have been made. Am(;ng the most important"’.md fl-uorescence spectroscopy via the absorption or emi-ssion
gains to the spectroscopic area was the separation 01JlneW|dths. Several groups have reported spectral linewidths
2 . ) . ) varying from 16-30 meV at room temperath& 32 and
individual tubes in solutiof.This was quickly followed by - . I

. fh tical struct findividual tuBeghi even ultrathin linewidths of 0.25 meV at 50KInvestigation

amapping Of _ed(_)p(;cal stue urg 0 |fn Wi bua dIIJ h IS | of the shape and temperature dependence of the PL linewidth
separation of indivi ua nanotubes rom bundles nas alSoaa1res have shown two distinct types, which have been
allowed for photoluminescence studies and probing the

S o ) ) e attributed to the ideal and unintentionally doped spe&ies,
intrinsic CNT excitations by interaction with light. The suggesting that CNT defects may be identified by studying

guantum dephasing.
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t University of Washington. In this letter we report the first ab initio study of the
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state is more localized than the SW state. The excitation of
the 7557 defect displaces the electron density from the
inserted C-C bond to the nearby carbon atoms. The SW
defect has the opposite effect. The electron density shifts
from a broad area of the tube onto two of the newly formed
bonds. For a detailed description of these CNT defects, please
see the work of Sternberg etl.

The final consideration was a comparison of the dephasing
of the (6,4) CNT at 300 and 50 K.

The calculations were performed with the Vienna Ab Initio
Simulations Packageusing the PerdewWang generalized
gradient approximaticfi and Vanderbilt ultrasoft pseudo-
potentials’” The density functional theory (DFT) used here
is a quasi-particle formalism that can successfully predict
many electronic properties of CNTSs, including optical

7557 SW transitions®®3° The electror-hole correlations, manifested
_ ) _ _ in CNTs by excitonic signatures in the optical properties,
Figure 1. Defects imposed on (6,4) CNT and their relation to the 5.0 implicitly included in DFT through the exchange-

ideal hexagonal lattice. The dotted lines represent bonds broken lation functi . Periodic b d diti d
and formed to create the defects. The 7557 defect (left column) is correlation functional. Feriodic boundary conditions and a

produced by insertion of a-6C dimer across a hexagonal carbon converged plane-wave basis were employed. A vacuum of
cell. The SW defect (right column) appears due to rotation of one 8 A on each side of the nanotube was added to avoid

of the C-C bonds. The bottom panels show the transition densities nonphysical tubetube interactions. Initial nanotube struc-

corresponding to the lowest energy excitations generated in the CNTiures were obtained using Tubed®iThe nanotube geometry

by the defects. Red and blue colors represent the positive and d simulati I th laxed to obtai .
negative changes in the charge densities created by the excitationsdNd Simulation cell were then relaxed to obtain minimum
energy structures. The nanotubes were then brought to 300

in a series of CNTs at low and ambient temperatures with < (50 K) by repeated velocity rescaling. A 3.5 ps microca-

and without defects. The results of the atomistic molecular Nonical trajectory was then generated using the Verlet

dynamics (MD) simulations agree very well with the integration algorithm with the ground state Hellmann

available experimental data in both temperature regimes and-€ynman forces.

allow us to establish the vibrational modes that are respon- The line shape of optical absorption and emission has been

sible for the electronic dephasing. We show that the loss of extensively studied, and its theory is quite advarféééThe

phase information proceeds notably faster in the presenceobserved linewidth can be decomposed into an inhomoge-

of those defects that significantly perturb the geometric neous term, which accounts for the distribution of optically

structure of CNT and create local vibrational modes. Faster active species and their different local environments, and a

dephasing corresponds to larger linewidths that can be usediomogeneous term that is fundamental to the species of

to identify defect states. interest. Neglecting the inhomogeneous broadening in cor-
The study focuses on the (6,4), (8,4), and (7,0) CNTs. respondence with the single-tube experiméfts?® the

These tubes, three of the smallest semiconducting CNTs,linewidth T' is determined by the dephasing tim&,

were chosen to achieve statistically converging results by composed of the excited-state lifetinfle and the pure-

ab initio MD. The diameters of the (7,0), (6,4), and (8,4) dephasing timé:

CNTs are 5.5, 6.8, and 8.3 A, respectively. (7,0) is the

smallest semiconducting CNT and is greatly strained due to 1 1 1

its small diameter. The (6,4) and (8,4) tubes represent the r I T T (1)

two “(n — m) mod 3= 2" and “(n — m) mod 3= 1” families 2 b2

of the semiconducting( m) tubes. In addition, two common

defects® the 7557 and StoneWales (SW) defects, were If the excited-state lifetime is much longer than the pure-

introduced into the (6,4) tube with one defect per unit cell. dephasing time[' is determined by the pure-dephasing.

A rotation of a G-C bond, the SW defect creates two five- Recent experiment$* and theoretical calculatioffs'> on

membered rings and two seven-membered rings (Figure 1).fluorescence of single-walled CNTs have produced excited-

The 7557 defect occurs by insertion of aC dimer into state lifetime expectancies on the order of nanoseconds,

the middle of a benzene rings on a CNT cylinder. The 7557 Validating this assumption. Pure-dephasing is associated with

defect also creates two pentagon-shaped rings and twofluctuations in the electronic energy levels due to interactions

heptagon-shaped rings, although with different orientations With other subsystems, such as phonons or solvent. In our

to one another than those imposed by the SW defect. ThePresent calculation, pure-dephasing occurs solely via interac-

7557 defect distorts the CNT geometry more strongly than tion of the electronic subsystem with CNT phonons.

the SW defect, protruding from the surface of the téfbe. We begin our analysis of the dephasing times by calculat-
Figure 1 also shows the excitation densities of the lowest ing the autocorrelation function (ACF) of the CNT lowest

energy excited states created by the two defects. The 7557lectronic excitation energy:
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C(t) = [AE(AE(O)R (2) 12 (6,4) with 7557 Defect
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The ACF is unnormalized and the brackets denote thermal
averaging over a canonical ensemble of initial conditions.
Oscillation and decay of the ACF characterize the eleetron

phonon interaction memory. The integral of the ACF enters

C(t) [mev

one of the definitions of the pure-dephasing function (see 06 (64)at 50K | , (6,4) with SW Defect
egs 4 and 5). Figure 2 compares the ACFs for the lowest _ o4 3

electronic excitations of the ideal (6,4) tube at 300 and 50 Nﬁ 02 \HIHM”MIHMIWnHHlIH\.hHI 2

K, and the (6,4) tube with the 7557 and SW defects at 300 ”\'IH\HH\I”"\||”H|“H”H'||m (‘) /\ a\

K. The initial values of the ACF give the average fluctuation & | I VAR

of the excitation energy due to coupling to phonons. Note 06| 2 \/

that the left and right sections of Figure 2 have different TR T
time scales and that all panels have differgiatxis scales. Time (fs) Time (fs)

The ACF functions decay much more slowly in the ideal
tubes than in the tubes with the defects. Comparing the idealFigure 2. Energy ACFs (2) of the lowest energy excitations of
tubes at the ambient and low temperatures, we observe thaf® (6:4) tubes under investigation. The data for the ideal tubes
. . .. show a long-lived vibrational coherence corresponding to an optical
the ACF at 300 K decays in JUSt. U”O!er a picosecond, while phonon. The decay is half-picosecond at room temperature and over
the ACF at 50 K has decayed little in the same amount of tens of picoseconds at 50 K. In contrast, the decay occurs within
time. The energy fluctuation is also an order of magnitude 100 fs in the tubes with defects. Note that all autocorrelation
larger at 300 K. Contrastingly, the ACF decays very rapidly functions start at different absolute magnitudes.

within tens of a femtosecond for the tubes with the defects

at room temperature. This is due to the geometric disorder (6,4) Tube |
and a wider range of vibrational modes available in these E’;’g;?ze —-= _ H
K ube «.eeee

tubes. The 7557 defect induces a faster decay of the ACF I
than the SW defect, and the 7557 ACF is less symmetric |

with respect to the time axis. The amplitudes of the energy | I Il
fluctuation form the following sequence for the (6,4) tubes BN
at 300 K in decreasing order: ideal, SW defect, and 7557 I j (6,4) Tube:

defect. This sequence correlates with the localization of the Ideal  —— 3
electronic excitation and the number of carbon atoms that 755;/7;?2:‘ —-= |

are able to couple to the electronic subsystem. :

The CNT phonon modes that contribute to the decay of S \ Pk
the ACF (2) and that are responsible for the pure-dephasing IS o N SN N D L
are analyzed in Figure 3. The Figure 3 presents the Fourier ° >00 1000 1500 2000
transforms (FT) of the ACFs, known as the influence Frequency [cm’
spectrunf! The top panel presents the data for the three ideal Figure 3. Fourier transforms of the ACFs (2) for the tubes studied.
tubes, and the bottom panels compares the ideal (6,4) tubeThe tubes of ideal geometry couple primarily to the optical G-mode
with the tube perturbed by the defects. All FTs shown are near 1600 cm’. The SW defect shows many disorder modes and
based on the 300 K simulations. The ideal (6,4) tube at 50 couples to a much larger range of frequencies. The 7557 defect
K exhibits the same frequencies as the (6,4) tube at 300 K.has a large influence on the geometry of the nanotube and most

3 = . strongly interacts with a mode in the RBM frequency range.

The electronic excitation energies of the (6,4) and (8,4) CNTs

fluctuate primarily due to coupling to the optical G-mode ideal tubes (Figure 2). The SW defect couples to a very wide
around 1600 cm'. The frequency of the mode is slightly  range of frequencies, while the 7557 defect primarily couples
higher in the (8,4) tube due to less geometric strain and to a local mode in the RBM frequency range. This is due to
stronger chemical bonding. Note that the resolution of the the fundamental differences between the two defects, even
FT is 22 cmi?, as determined by the length of the ab initio though they result in similar bonding patterns (Figure 1).
trajectories. The calculated frequency difference between theThe SW defect is rotation of a bond, which introduces a
G-modes of the (6,4) and (8,4) tubes is only twice the great deal of disorder in the phonon spectrum of the whole
numerical resolution, and the true difference is likely smaller tube. The 7557 defect, however, is an insertion of an extra
than that. The G-mode of the (7,0) tube is significantly lower C—C atom pair, which causes a bulge in the wall of the
due to the substantial geometric strain. CNT®* and creates a local vibrational mode. Because the

Defects introduce a much broader range of vibrations excitation density is strongly localized on the added@
(bottom panel of Figure 3). Stronger coupling to the radial bond, as shown in Figure 1, it is the vibration of this local
breathing mode (RBM) and disorder modes is evident in the structure that induces the electronic dephasing.
spectrum of the tubes with the defects. The coupling to a The vibrational normal modes generated by the 7557 and
larger range of frequencies rationalizes the dramatically fasterSW defects are shown in Figure 4. The 7557 defect mode is
decay of the ACF of the tubes with defects compared to the strongly localized on the inserted carbon atoms and their
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Figure 4. Defect normal modes that generate the electymnon
coupling, which is responsible for the pure-dephasing contribution
to the linewidth. The 7557 defect has a distinct frequency (Figure
3) characterized by a pair of degenerate normal modes (left column).
The SW defect creates a number of frequencies (Figure 3). The
top-right panel describes the high-frequency SW defect mode. The
lower-right panel shows one of the many lower frequency modes,
which contain small contributions from atoms outside of the defect
region (not shown).

nearest neighbors. The left column of Figure 4 exhibits two

D(t)

Ideal (6,4)

SW Defect = =
7557 Defect
(6/4) at 50K

05}

Seo
-
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100
Time [fs]

Figure 5. CNT dephasing functions calculated using eq 3. The
dephasing timescales reported in Table 1 have been obtained by
fitting these functions to eq 6. The upper panel compares the ideal
tubes at room temperature. (6,4) and (8,4) dephase on a similar
time scale, while (7,0) shows a substantially faster dephasing due
to larger fluctuation of the excitation energy. The lower panel
compares modifications of the (6,4) tube. The dephasing is much
slower at 50 than at 300 K. The SW defect slightly speeds up the
dephasing, while the 7557 defect strongly decreases the decay time
scale.

degenerate 7557 modes, whose linear combinations couple
to the electronic subsystem. The SW defect generates a wideTable 1. Pure-Dephasing TimeE} and Corresponding

range of modes with both high and low frequencies, Figure
3. The top-right panel of Figure 4 shows the high-frequency
normal mode localized on the SW defect. The lower-right

panel gives an example of a lower frequency mode that arises {ype

due to the defect and carries small contributions from many
atoms beyond the defect part of the CNT.

The pure-dephasing function can be computed either using
the ACF (2) or directly from the fluctuation of the excitation
energy. In the direct method, the dephasing function is
defined a®&

Dm=em@m@ﬁ—%;Aawmm_ 3)

Here,w is the thermally averaged energy gap dividedhby

The direct dephasing functions for all tubes are shown in
Figure 5. The top panel depicts the results for the ideal (8,4),
(6,4), and (7,0) tubes at 300 K. The lower panel presents

the data for the ideal (6,4) tube at 50 and 300 K and compares

the ideal tube with the defects.

One can also calculate the dephasing function using a
cumulant expansioff. In this case, the ACF (2) is doubly
integrated

o) = [ dr, [ C(r,) dr, (4)

The function g(t) is then exponentiated to define the
approximate dephasing function

D(t) =e % (5)

Homogeneous LinewidthE (Equation 1) Obtained by Fitting
the Direct Dephasing Functions (3) Shown in Figure 5 to
Equation 8

T3 (fs) A o (fs71) T (meV)
(8,4) 51.2 0.061 0.30 12.8
(7,0) 23.2 0.10 0.29 28.2
(6,4) 59.6 0.086 0.32 11.0
7557 10.2 0 64.6
SW 48.0 0.062 0.25 13.7
50 K 955 0.0056 0.30 0.69

a(8,4), (7,0), and (6,4) refer to the ideal tubes at room temperature; 7557
and SW are defects in the (6,4) tube shown in Figure 1; and 50 K indicates
the (6,4) tube at the low temperature.

Table 2. Pure-Dephasing TimeB}; and Corresponding
Homogeneous LinewidthE (Equation 1) Obtained by Fitting
the Cumulant Dephasing Function (5) to Equatién 6

tube T A o (fs71) T (meV)
(8,4) 52.4 0.062 0.30 12.5
(7,0) 9.12 0 72
(6,4) 54.3 0.080 0.30 12.1
7557 10.1 0 65.2
SW 42.1 0.027 0.24 15.6
50K 750 0.0045 0.30 0.87

2 See footnote to Table 1.

the direct and cumulant data allowed us to test the conver-
gence of our results. The approximate dephasing function
agrees with the direct function (3), if the higher order

cumulants beyond the second-order ACF are insignificant.
The validity of the second-order approximation can be

evaluated based on the fits reported in Tables 1 and 2. The
approximation works in all tubes considered here except for

The cumulant approximation converges much faster than thethe (7,0) tube, which exhibits long memory effects in the

direct calculation, which is an important factor for our
relatively short ab initio simulation. Comparison between

Nano Lett, Vol. 7, No. 11, 2007

electrorn-phonon interaction. The vibrational motion of the
(7,0) tube is quite anharmonic due to its small diameter and
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larger geometric strain. The anharmonic motion manifests from room temperature. Our dephasing time and the corre-
itself in the asymmetric form of the tube’s ACF (not sponding linewidth is in good agreement with the reported
shown): a particle in a skewed parabolic potential spends ultrathin linewidths at 50 K2

more time on the less steep side, creating an asymmetric It was conjectured recenfl§that the 70 fs dephasing in
ACF. The cumulant function (5) agrees well with the direct CNTs may occur due to a hopping of excitons along the
function (3) for the first 10 fs. At the later times, the cumulant nanotube axis between localized potential energy minima and
function smoothly continues the rapid decay, while the direct that suppression of the hopping at cryogenic temperatures
function changes its angle and decays more slowly, similarly accounts for the markedly narrower linewidths. This mech-

to the dephasing functions for the other ideal tubes. anism suggests that the observed linewiBtlarises from
Both direct and cumulant dephasing functions were fit by the exciton lifetime T, between the hops (eq 1). Our
the following equation calculations indicate that the pure-dephasing contribution
T3 due to electrorrphonon interaction is sufficient to
t\ 1+ A cosgt) explain the optical linewidth and its temperature dependence.
f(t) = ex;{— ;) —1rA (6) In the presence of both a 580 fs vibrational dephasing

and a 70 fs hopping, the linewidths would have to be nearly
twice as broad, suggesting that exciton hopping is somewhat
slower. This conclusion does not contradict the experimental
results of ref 46, which deduced the 70 fs hopping time using
order of magnitude arguments. If the hopping time is longer
only by a factor 2 or 3, its contribution to the linewidth
becomes much smaller than that of the pure-dephasing
process.

The calculations reported here were performed for the
CNT lowest excited states. While the defect states are well
separated from the higher energy excitations, the picture is
more complex in the ideal tubes. Depending on the tube,
several low-lying excitonic bands may be thermally acces-
sible at room temperature and can contribute to the emission
process, possibly increasing the experimentally observed

The fitting parameters are shown in Tables 1 and 2,
respectively. The time is the pure-dephasing time. The
frequency w represents the oscillation of the dephasing
function, and the constam is related to the amplitude of
the oscillation. For the ideal tubes and the (6,4) tube with
the SW defectw ~ 0.30 fs'! corresponds to the optical
G-mode. The oscillation of the dephasing functions for the
7557 defect is rather weak.

The dephasing times of (6,4) and (8,4) tubes in the ideal
geometry are between 50 and 60 fs, which correspond to
linewidths of 1113 meV (eq 1). These linewidths are within
the range of 16-15meV reported by Lefebvre et #l.and
are slightly more narrow than those reported by O’Connell

9 .
et al” The broader peaks seen in the latter work can be jine\\idths, This effect requires further investigation, involv-
attributed to solvent or surfactant interactions with the ing nonadiabatic dynamit&* that determines the occupa-
nanotubes. The former reference investigated nanotubes; s of multiple states

grown across silicon pillars in the absence of such interac- |- summary, we havé calculated the dephasing times of

tions. Because the simulations excluded solvent, our re:sultsthe (6,4), (8,4), and (7,0) CNTs and investigated the role of
should be compared directly with ref 31, indicating very good two common defects and temperature on dephasing in the

agreement with the experiment. The ideal (7,0) tube has a(6,4) CNT. To our knowledge, this is the first time-domain

dephasing time of approximately half that of the other pristine ab initio study of pure-dephasing in CNTs. The results are
geometry tubes (Table 1). The faster dephasing is attributed;, o cejlent agreement with the experimental data measured
to the larger fluctuation of the excitation energy and coupling for isolated CNTs at both low and room temperatures. The

to a broader range of phonon modes (Figure 3). The (7.0) ¢5)cyations suggest that CNT interaction with solvent and/

linewidth still is within the experimental range. or surfactants should speed up dephasing and broaden
The two defects have remarkably different effects on the goctronic transition lines by about a factor of 2. The

dephasing time. The 7557 defect accelerates the dephasingj, jation predicts that CNT defects that strongly perturbed

by a factor of 6. This is due to strong electronic coupling t0 e nanotube structure, such as the 7557 defect studied here,
a local vibrational que crfaat.ed by the defect. The cqupllng create electronic excitations with significantly broader transi-
is notably anharmonlc, as indicated by the asymmetric form i, jines. This fact s attributed to stronger electrgahonon

of the ACF (Figure 2). The SW defect accelerates the jneraction involving localized electronic states. The phonon-
dephasing only slightly. Even though the electronic excitation j,q,ced dephasing of the electronic transitions in the ideal
localized on the SW defect couples to a wider range of a5 occurs by coupling to the high-frequency optical
phonons, the coupling is harmonic and relatively weak due ph,nons. The dephasing of the defect states proceeds via

to the delocalized nature of the SW defect state. On the bas'ﬁocal disorder and RBM modes. The theoretically predicted

of the magnitude of the fluctuation of the excitation energy broader optical bands can be used to identify defect states
alone, which is larger for the SW defect than for the 7557 CNTs.

defect, and comparing the initial values of the ACFs in Figure
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