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The electron and hole relaxation in the (7, 0) zigzag carbon nanotube is simulated in time domain using
a surface-hopping Kohn-Sham density functional theory. Following a photoexcitation between the second
van Hove singularities, the electrons and holes decay to the Fermi level on characteristic subpicosecond
time scales. Surprisingly, despite a lower density of states, the electrons relax faster than the holes. The
relaxation is primarily mediated by the high-frequency longitudinal optical (LO) phonons. Hole dynamics
are more complex than the electron dynamics: in addition to the LO phonons, holes couple to lower
frequency breathing modes and decay over multiple time scales.
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The unique structural, mechanical, and electronic prop-
erties of carbon nanotubes (CNT) [1] have suggested a
variety of applications including nanoscale logic gates
[2], antennas [3], conductance switches [4], quantum wires
[5], and field-effect transistors [6]. Spectroscopic tech-
niques now permit the characterization of nanotube diam-
eters, chiralities [7], and nanotube-nanotube interactions
[8], affording more insight into the unique nature of these
structures. While these experimental breakthroughs have
enabled an unprecedented level of observational detail,
specific knowledge of the electron and phonon dynamics
in CNTs is becoming increasingly important. For instance,
charge-phonon interaction directly affects conductivity
and energy loss in CNT wires [5] and field-effect transis-
tors [6], and provides a mechanism for the observed super-
conductivity of CNTs [9]. Further, detailed information on
electron and hole relaxation is pivotal to such applications
as CNT logic gates [2] and optical switches [4]. As re-
search and device fabrication move forward, a clear under-
standing of these processes is critical to the development of
novel materials whose response is directly related to such
dynamics.

Numerous time-resolved experiments have revealed in-
triguing and controversial features of electron-phonon
relaxation in CNTs in response to external stimuli [10-
17]. Depending on sample preparation, excitation energy,
light intensity, and detection technique, the relaxation dy-
namics range from 100 fs or less [11,13,15], to hundreds
of femtoseconds [10,12,17], to more than a picosecond
[16]. The electron-hole annihilation takes an order of
magnitude longer than the intraband relaxation. The re-
laxation is slower in isolated CNTs than in CNT bundles
and CNT-polymer mixtures, where tube-tube and tube-
matrix interactions provide additional decay channels.
The relaxation is faster in larger CNTs, since they have
greater densities of state (DOS), which also causes a more
rapid decay of higher energy excitations [10,17]. The
participation of both low frequency radial-breathing modes
(RBM) and high-frequency longitudinal optical (LO) G

0031-9007/06/96(18)/187401(4)

187401-1

PACS numbers: 78.67.Ch, 03.65.Sq, 31.10.+z, 73.22.—f

phonons in the charge carrier relaxation has been detected
[11,18,19]. A thorough understanding and interpretation of
the experimental data requires detailed modeling of the
observed phenomena at the atomic level.

The current letter presents the first time-domain ab initio
simulation of the electron and hole dynamics in a CNT.
The simulated dynamics agree with experimental time
scales, establish the electron and hole relaxation pathways,
characterize the electronic states and phonon modes that
facilitate energy dissipation, and expose a number of sur-
prising aspects of the relaxation process. In particular, the
simulation shows for the (7,0) nanotube that the holes
relax more slowly between the sub-bands than the elec-
trons, even though the holes possess a denser manifold of
states. The electrons decay by a single exponential, while
the holes exhibit first a Gaussian and later an exponential
decay component. Relaxation of both electrons and holes is
most strongly promoted by the C-C stretching G phonons
with frequencies around 1500 cm™!. In contrast to elec-
trons, holes also couple to the lower frequency breathing
modes.

While a number of state-of-the-art ab initio calculations
of the electronic structure of CNTs are available in the
literature [20], and tight-binding molecular dynamics
(MD) simulations of CNT response to laser excitations
have been reported [21], this is the first ab initio non-
adiabatic (NA) MD study of the electron-phonon relaxa-
tion in a photoexcited nanotube. The study is made
possible by the recent implementation [22] of the fewest-
switches surface-hopping (FSSH) approach [23,24] within
the framework of the time-dependent (TD) Kohn-Sham
(KS) theory. Traditional Ehrenfest-TDKS theory cannot
describe equilibration and electron-phonon energy ex-
change [25,26]. FSSH-TDKS, however, is a stochastic
approach that satisfies detailed balance [23] and can be
viewed as a master equation with TD transition rates [26]
that give a proper account of the short-time dynamics [27].

The TDKS theory used here is a quasiparticle formalism
that focuses on charge-phonon interactions. Quasiparticle

© 2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.96.187401

PRL 96, 187401 (2006)

PHYSICAL REVIEW LETTERS

week ending
12 MAY 2006

formalisms can successfully predict many electronic prop-
erties of CNTs, including optical transitions [20]. They are
particularly suitable for describing the dynamics of hot
electron-hole pairs, which are created when the photoex-
cited state scatters into the electron-hole continuum
[13,17,28]. This process ultimately results in phonon emis-
sion and relaxation of the excited state. The electron-hole
correlations—manifested in CNTs by excitonic signatures
in the optical properties [12,29]—are implicitly included
in the TDKS approach through the exchange-correlation
functional and the dependence of the electron density on
hole and electron occupations.

The smallest semiconducting zigzag (7, 0) CNT [1] with
diameter 5.5 A has been chosen to minimize the size of the
electronic basis and simulation cell. The simulations are
performed in VASP [30], augmented with the FSSH-TDKS
functionality [22]. The Perdew-Wang generalized gradient
approximation (GGA) [31], Vanderbilt ultrasoft pseudopo-
tentials [32], periodic boundary conditions, and converged
plane-wave basis sets are employed. Constructing the
simulation cell [33] from four CNT unit cells and 112 car-
bon atoms (see Fig. 1) expands the available phonon
spectrum [9]. To prevent spurious interactions between
the images, 8 A of vacuum are added in the direction
perpendicular to the axis of the tube. The structure of the
nanotube and the dimension of the simulation cell along
the tube are optimized to obtain the minimum energy
structure. After heating the system to 300 K by repeated
velocity rescaling, a 1.5 ps microcanonical trajectory is run
in the ground electronic state with a 1 fs time step, and
400 initial conditions are sampled for the relaxation
dynamics.

The KS theory [34] represents the one-electron density
of an N-electron system by the sum over KS orbitals
p(x, 1) = SN |@,(x, 1)]>. The orbitals evolve following
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FIG. 1. DOS of the (7,0) zigzag carbon nanotube (shown in
inset). An electron is optically excited between the second van
Hove singularities 2’ — 2. The electron and hole then decay to
the first singularities 1’ and 1 on a subpicosecond time scale.

the Dirac TD variational principle [35] by the single-
particle Schrodinger equations

I@,(x, 1)
at

ih = H[p(x, 1), R(1)]p,(x, 1), a=1,...,N

ey

that are coupled through the orbital dependence of the
functional H. The functional is explicitly TD due to the
evolution of the ions R(z). The TDKS Egs. (1) are solved
in the basis of adiabatic KS orbitals that are solutions
to the time-independent KS problem Hy;(x, R) =
€;(R)#;(x, R). The many-electron state is represented by
a Slater determinant (SD) formed with ¢(x, ). The SD
evolves due to ionic motion into a superposition of adia-
batic SDs

N
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The expansion coefficients in the superposition obey
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where Dj...p.,.., = —ih{(¢y; - VR, - - - ,)) is the
NA coupling vector. FSSH uses the coefficients and the
NA coupling to define the transition probabilities between
the adiabatic states [24]
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Should the calculated probability be negative, it is set to
zero. The transition probabilities are computed on the fly
for the current ionic configuration. The rates are zero
initially, which is essential for the short-time dynamics
that are quadratic in time, as manifested in the quantum
Zeno effect [27]. Equations (1)—(4) are propagated with a
1073 fs time step. Further details of the simulation proto-
col will be reported elsewhere.

The electron and hole relaxation under investigation is
initiated by an excitation from the second vHs below the
Fermi level to the second vHs above the Fermi level
(Fig. 1), as in the recent ultrafast laser experiments
[12,15]. The states within the singularities are chosen
based on the strongest transition dipole moment at a given
initial time. Over a third of all excitations occur between
two pairs of electron and hole states. The electrons and
holes relax nonadiabatically through the first vHs above
and below the Fermi level to their corresponding band
edges.

Figure 2 details the electron and hole relaxation dynam-
ics. Figure 2(a) shows the total population of the states
within the second vHs, as defined by the dashed lines in
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FIG. 2. Electron and hole relaxation dynamics. (a) The pop-
ulations of the second singularities, as defined by the dashed
lines in part (b), decay slower for the holes than the electrons in
spite of the higher hole DOS. (b) The average energies of
electrons and holes are fitted by a sum of Gaussian and expo-
nential components (solid lines) with the fit parameters defined
in Eq. (5) and presented in Table I. Holes starting closer to the
Fermi energy (pluses) decay more slowly than holes starting
farther from the Fermi energy (circles), in agreement with
experiments [10,17].

Fig. 2(b). Over the course of the simulation, the popula-
tions transfer from the second to first vHs, with very little
contribution from the higher energy states. That the holes
decay more slowly than the electrons is quite surprising,
since the larger DOS of the holes should facilitate faster
relaxation. Figure 2(a) clearly indicates a Gaussian and an
exponential component in the hole relaxation. A Gaussian
component can hardly be distinguished in the electron
relaxation. The average electron and hole energies shown
in Fig. 2(b) decay similarly to the populations of Fig. 2(a).
In addition to the hole energy decay starting from the main
peak within the second vHs (circles), Fig. 2(b) shows the
hole energy decay starting from the secondary peak closer
to the Fermi energy (pluses). The energy decay is fit with
the sum of the Gaussian and exponential components

|E—E/|()=1E— E/|(0)[Ae ™"/ + (1= A)e~ /7] (5)

with the fitting parameters listed in Table 1. The exponen-
tial component dominates the electron decay. Holes show
both Gaussian and exponential decay. The Gaussian re-
laxation observed with holes at short times is associated
with coherent quantum dynamics [27] that results in de-

localization of holes over their dense state manifold. The
lower density of electronic states restricts the amplitude of

TABLE I. Parameters of the Gaussian plus exponential fits (5)
of the electron and hole energy decays, Fig. 2(b).

Data set T, I8 T, 8 A
e~ (squares) 200 320 0.80
e~ (squares)” s 380 1.00
h't (circles) 280 710 0.35
h* (pluses) 410 940 0.45

*The purely exponential fit line [not shown in Fig. 2(b)] is very
close to the Gaussian plus exponential fit.

the coherent dynamics. Holes starting closer to the Fermi
energy have smaller DOS and relax more slowly, in agree-
ment with the experimental data [10,17].

The two-component hole decay is promoted by strong
coupling of holes to both high and lower frequency pho-
nons, Fig. 3. In contrast, electrons interact more strongly
with the high-frequency modes. The Fourier transforms of
the energies of the two most optically active electron and
hole state pairs shown in Fig. 3 were computed from the
microcanonical trajectory that was used to sample the
photoexcited states for the NA dynamics. The G-type
longitudinal optical (LO) phonons with frequencies around
1500 cm™! provide the fastest relaxation pathway for both
electrons and holes. The stronger coupling of the holes to
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FIG. 3 (color online). Fourier transforms of the energies of the
two most optically active electron and hole states, top and
bottom panels, respectively. The state charge densities are shown
in the insets. The solid and dashed lines correspond to the lower
and upper density images, respectively. The electron relaxation
is facilitated by the C-C stretching LO phonons around
1500 cm™!. The holes relax through both the LO modes and
the low frequency breathing modes below 500 cm™!.
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the radial-breathing modes (RBM) at frequencies below
500 cm ™! can be rationalized by the better match between
the nodal structures of the hole states and RBMs. The
lower energy valence band (VB) states that support holes
have fewer nodes than the conduction band states that
support electrons; similarly, RBMs have fewer nodes
than LO phonons. As a result, RBMs couple better to the
VB states. The stronger coupling to the lower frequency
RBMs explains why the hole relaxation is slower than the
electron relaxation, even though holes have a higher DOS.
The coupling of holes to lower frequency modes may also
contribute to the slowing of the hole dynamics in quantum
dots, where impact ionization gives multiple electron-hole
pairs upon absorption of a single photon [36].

The time scales for the electron and hole relaxation
computed for the (7, 0) tube are within the range of the
ultrafast spectroscopy data [10—17]. The calculations sup-
port the picture where the photoexcited state scatters into
the continuum of hot electron and hole pairs, which relax
by phonon emission [13,28]. The involvement of RBM in
the CNT charge carrier dynamics seen in our simulation
has been detected by both current or voltage [18] and
spectroscopic [11] measurements. The coupling of the
electronic system to the LO phonons has been detected
in the Raman spectra [19]. The reported ab initio NA
dynamics also agree with the tight-binding electronic
structure calculations, in which the electron-phonon scat-
tering was dominated by the RBM and LO phonons in two
narrow frequency regions [37]. Our previous studies of
solvated electrons [38] and molecule-semiconductor inter-
faces [39] also indicated that high-frequency vibrations are
very effective in promoting charge transfer and relaxation.

In summary, we have investigated the electron and hole
relaxation dynamics in the (7, 0) semiconducting CNT by
performing a time-domain atomistic ab initio NA dynam-
ics simulation for the first time. Our results agree with the
experimental data and provide valuable insights into the
relaxation mechanisms. The key observations include the
slower, multiple time scale hole relaxation compared to
the faster single exponential electron dynamics, despite the
smaller electronic DOS, the increase of the relaxation
rate with excitation energy, the dominant role of high-
frequency LO phonons, and the substantial contribution
of RBM to hole, but not electron, relaxation.
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