Invited Paper

Coherent Phonons in Carbon Based Nanostructures

G. D. Sanders’, A. R. T. Nugraha?, K. Sato?, J.-H. Kim?, Y.-S. Lim#, J. Kono? R. Saito?, and
C. J. Stanton?!

Department of Physics, University of Florida, Gainesville, FL
?Department of Physics, Tohoku University, Sendai 980-8578, Japan

9 Center for Integrated Nanostructure Physics (CINAP), Institute for Basic Science (IBS),
Sungkyunkwan University, Suwon, Republic of Korea

4Department of Nano Science and Mechanical Engineering and Nanotechnology Research
Center, Konkuk University, Chungju, Republic of Korea

*Department of Electrical and Computer Engineering, Rice University, Houston, TX

ABSTRACT

We have developed a theory for the generation and detection of coherent phonons in carbon based nanotstruc-
tures such as single walled nanotubes (SWNTSs), graphene, and graphene nanoribbons. Coherent phonons are
generated via the deformation potential electron/hole-phonon interaction with ultrafast photo-excited carriers.
They modulate the reflectance or absorption of an optical probe pules on a THz time scale and might be useful
for optical modulators. In our theory the electronic states are treated in a third nearest neighbor extended tight
binding formalism which gives a good description of the states over the entire Brillouin zone while the phonon
states are treated using valence force field models which include bond stretching, in-plane and out-of-plane bond
bending, and bond twisting interactions up to fourth neighbor distances. We compare our theory to experiments
for the low frequency radial breathing mode (RBM) in micelle suspended single-walled nanotubes (SWNTs).
The analysis of such data provides a wealth of information on the dynamics and interplay of photons, phonons
and electrons in these carbon based nanostructures.
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1. INTRODUCTION

Carbon based nanostructures such as 0-D buckyballs,! 3 1-D carbon nanotubes and graphene nanoribbons,*®
and 2-D graphene,5 8 have attracted considerable scientific interest because of their unique optical and electronic
properties and because they are ideally suited to study the effects of low dimensional semiconducting systems.
The unique properties of these systems hold promise for a wide range of future applications including drug
delivery systems, THz detectors and high speed transistors.? !! In this paper, we present a brief overview of our
theoretical studies of coherent phonon excitation in carbon nanotubes. Although we have also studied coherent
phonons in other carbon based nanostructures such as graphene and graphene nanoribbons,'? 3 for this paper,
we limit our discussion to carbon nanotubes and focus only on the Radial Breathing Mode (RBM). Other coherent
phonon modes (G mode and combination modes etc.) can be excited, but they are difficult to detect unless the
chirality of the nanotube samples is extremely pure. We refer the interested reader to our recent work on highly
enriched (6,5) nanotubes.'4

Ultrafast spectroscopy is a powerful tool for studying carrier, lattice, and spin dynamics in semiconducting
systems since one can probe these systems on the same time scale as the relevant relaxation dynamics. Typical
ultrafast spectroscopy experiments are of the pump-probe type where the pump pulse generates electron-hole
pairs and the change in the reflection or transmission of the probe pulse as a function of delay time provides
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Figure 1. Schematic diagram showing the generation of coherent phonons in a molecular system. An electron in the
ground state is excited to a new energy surface with a different equilibrium position by a photon of frequency hv. This

triggers a coherent phonon oscillation.
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Figure 2. Overview of a coherent phonon experiment. a) Ultrafast pump-probe spectroscopy is used to generate electron-
hole pairs which in turn trigger the coherent phonons. b) The background signal due to the photoexcited electrons and
holes is subtracted off leaving the coherent phonon signal. ¢) The coherent phonon signal is Fourier transformed and the

power spectrum is calculated.
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Figure 3. The electronic m bands for two different chirality SWNTs. a) An (11,0) zigzag SWNT. b) An (8,6) chiral SWNT.
The electronic bands are calculated in a third nearest neighbor ETB model. Note that the chirality strongly effects the
electronic band structure even though the (11,0) and (8,6) tubes belong to the same family 22.

information on the photoexcited carrier/spin relaxation dynamics. Not only can carrier dynamics be studied
with ultrafast pump-probe spectroscopy, but phonon dynamics can also be studied through a technique known
as coherent phonon spectroscopy. Coherent phonon spectroscopy uses ultrafast pump-probe spectroscopy in
which either transient differential transmission (AT/T) or differential reflection (AR/R) oscillations vibrating
at phonon frequencies are measured by the probe pulse as a function of delay time.

The excitation process for coherent phonons in molecular systems, similar to the coherent phonon excitation
process in nanotubes, is illustrated in figure 1. An electron in the ground state is excited to a new energy surface
with a different equilibrium position by a photon of frequency hv and this triggers a coherent phonon oscillation.
Figure 2a) shows the typical ultrafast coherent phonon experiment. The coherent phonon signal is obtained in
figure 2b) by subtracting off the overall background signal arising from the photoexcited electrons and holes.
One then takes the Fourier transform of the transient transmission or reflection signal, after subtracting a slowly
varying background signal, to obtain the power spectrum which is often referred to as the coherent phonon (CP)
spectrum (figure 2c).

Coherent phonon oscillations in a solid are excited by electrons and holes generated by an ultrafast pump
which then interact with phonons through the electron-phonon interaction. For coherent phonons to be excited,
it is necessary for the pump pulse duration to be short in comparison with the phonon oscillation period so that
all phonon oscillations start at the same time with the same phase. For example, to generate coherent radial
breathing mode (RBM) phonons in a SWNT where the SWNT diameter vibrates at a typical frequency of 5 THz,
the pump pulse duration should be shorter than 100 fs.

Coherent phonon spectroscopy can be used to provide information about the vibrational modes in a system
including: 1) the phase of the vibration, 2) the electron-phonon coupling and matrix elements, and 3) the decay
times of the phonons.

It should be noted that coherent phonons should not be confused with the phonons that are generated by
the relaxation of the high energy, photoexcited electrons and holes. These are incoherent phonons.

2. THEORY AND MODELING

The theory and modeling of coherent phonons in carbon nanotubes, carbon nanoribbons, and graphene has been
discussed before in several different papers,'? 1315719 including two recent review articles.2®2! The details of
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Figure 4. The phonon dispersion relations calculated for two different chirality SWNTs. a) An (11,0) zigzag SWNT. b)
An (8,6) chiral SWNT. Again, although the (11,0) and (8,6) belong to the same family 22, there is a strong dependence
of the phonon modes on the chirality. The modes are calculated using a modified valence force field model. The acoustic
modes are shown as blue line and the radial breathing mode (RBM) is shown as a a thick red line. For most coherent
phonon experiments, the RBM has the highest coupling strength and is the dominant mode.

the calculations are discussed there and here we just provide an overview.

Calculating the coherent phonon spectrum in nanotubes involves several steps. They include:

1. Determining the electronic structure of the nanotube and the optical matrix elements (needed to determine
which states are excited by the femtosecond pulse).

2. Determining the phonon modes for a given nanotube and the electron-phonon matrix elements (needed to
determine which phonon modes are triggered and their relative strengths).

3. Modeling the ultrafast generation as well as the detection of the coherent phonons.

Electronic Structure. SWNTs have a one dimensional band structure with unique electronic properties.
They can be either metallic or semiconducting depending on their chirality indices (n,m).*2226 To calculate
the electronic structure, we use the extended tight-binding (ETB) model of Porezag et al.?” In our ETB model,
the tight-binding Hamiltonian and overlap matrix elements between carbon 7 orbitals on different atoms are
functions of the interatomic distance. The position-dependent Hamiltonian and overlap matrix elements are
obtained by parameterizing a density-functional (DFT) calculation in the local-density approximation (LDA).2”
In our ETB electronic structure calculations, we go out to third nearest neighbors. Our method has the advantage
that it can be used to compute time-dependent adiabatic changes in the electronic structure due to changes in
the lattice induced by CP lattice vibrations.

Figure 3 shows the computed electronic 7 bands for the zigzag (11,0) and chiral (8,6) semiconducting SWNTs
in the 2n+m = 22 family of nanotubes. The figures show the strong effects of chirality on the electronic structure.

Vibrational Modes. In our work, we treat phonon dispersion relations in planar graphene using a valence
force field model.?? We include radial (r) bond-stretching interactions as well as transverse in-plane (¢i) and out-
of-plane (to) bond bending interactions. The force constants for these interactions are treated to fourth neighbor
interactions. We use 12 force constant values obtained from fits to experimental data?® for bulk graphene. These
constants are then used to calculate the phonon modes for the nanotubes. This is described in detail in Sanders
et al.l®
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Figure 4 shows the computed phonon dispersion relations for the zigzag (11,0) and chiral (8,6) semiconducting
SWNTs. In figure 4 the 4 = 0 cutting line acoustic phonon branches are shown as blue lines while the 4 = 0
branches containing the ¢ = 0 radial breathing mode (RBM) are shown as thick red lines. The RBM mode is
the dominant active coherent phonon mode.

Once the electronic energy levels and the phonon modes are known, one then calculates electron-phonon
interaction matrix elements between carriers photoexcited by ultrafast laser pulses and the phonon modes which
are responsible for the generation of coherent phonons. In non-polar semiconductors as well as carbon materials
and nanostructures, the electron-phonon interaction occurs through the deformation potential.

Generation and Detection. In CP spectroscopy, the coherent phonon modes that are typically excited

are the ones with wave vector ¢ = 0. The coherent phonons satisfy a driven oscillator equation!?: 1629
9 Qum(t)
T;; + wranm(t) = Sm(t)’ (1)

where m denotes the phonon mode and wy, is the frequency of phonon mode m at ¢ = 0. In the coupled ETB/VFF
model, the coherent lattice displacements can then be expressed in terms of the CP amplitudes Q,,(t). Explicit
expressions for individual carbon atom displacements as functions of the CP amplitudes in SWNTs and GNRs

are given in two references by Sanders et al.'?-16

The driving function S,,(t) is given by
2 wm m
S (t) ZM ) (fulkst) = fa(k)) - (2)

where fO(k) and f,(k,t) are the initial and time-dependent electron distribution functions, respectively. Here n
labels the electronic state and k is the electron wavevector. The ¢ = 0 deformation potential electron-phonon
interaction matrix element in our ETB model is M (k) = M., ‘; 012,16 We see that the rapid generation of
electrons and holes by the pump pulse triggers the coherent phonons

In coherent phonon spectroscopy a probe pulse is used to measure the time-varying absorption coefficient
a(hw,t) at the probe energy. The time-varying absorption coefficient is computed using Fermi’s golden rule.
We explicitly take the time variation of the band structure and carrier distribution functions using our ETB
model. The time dependence of the band structure comes from changes induced by the coherent phonon lattice
displacements. We assume that the electrons adiabatically follow the lattice vibrations. From the computed
differential transmission of the probe pulse, we calculate the CP spectrum by taking the Fourier transform of
the differential transmission and determining the power spectrum.

3. COMPARISON WITH EXPERIMENT

The electronic properties of carbon nanotubes depend on their chirality (n,m).%?272° Carbon nanotube sam-
ples typically contain ensembles of nanotubes with different chiralities. The relative abundances of different-
chirality tubes makes it difficult to study chirality-dependent properties. Kim et al. developed resonant CP
spectroscopy,'® 6 a technique that allows chirality dependent properties of nanotubes in an ensemble to be
studied. Using pre-designed trains of femtosecond optical pulses, it is possible to selectively excite and probe
coherent RBM lattice vibrations in SWNTs of a specific chirality. By selectively exciting coherent phonons with
a specific frequency, nanotubes with a single chirality in an ensemble of tubes can be studied.

The CP spectra in SWNT ensemble samples exhibited a large number of strong peaks, each one induced by
RBM diameter oscillations in nanotubes of different chiralities. The chiralities corresponding to the different
peaks were identified from the RBM oscillation frequencies and the relative strengths of the peaks provides
information on the relative populations of different chirality nanotubes in the ensemble samples.

The results of the comparison of theory and experiment for micelle suspended mod 2 SWNTs are shown in
figure 5. The experimental CP spectra are on the left and the simulated CP spectra are on the right. The upper
four curves in each panel are for nanotubes in Family 22 and the lower four curves are for tubes in Family 25. The
curves for each nanotube are labeled with the nanotube chirality (n,m) and the computed RBM phonon energy

Proc. of SPIE Vol. 9083 908309-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/15/2014 Terms of Use: http://spiedl.or g/terms



RBM Energy

(meV)
E22

Theory Experiment

ram22 A 31a | M. 331 (110
A 36.7 32.7 (10,2)

_’yg I A 35.5 31.8  (9.4)
= |
g I 33.7 304 (8,6)
= J 32.7 203 (12,1)
(0]
3 L 32.1 289 (11,3)
o
i 31.0 //V\_ 27.8 (10,5)
Fam 25 296 | 268 (9.7)
1.5 2.0 2515 2.0 2.5

Pump Energy (eV)

Figure 5. Coherent phonon intensity at the RBM frequency as a function of pump- probe energy for mod 2 semiconducting
nanotubes at the E22 transition. The experimental CP spectra are on the left and the simulated CP spectra are on the
right. The upper four curves in each panel are for nanotubes in Family 22 and the lower four curves are for tubes in
Family 25. Each curve is labeled with the chirality (n;m). The RBM phonon energy in meV is also displayed.

in meV. In each tube, peaks in the CP spectra correspond to Eso transitions. Within each family, CP intensity
tends to decrease as the chiral angle increases, and tends to increase as we go from Family 22 to Family 25. We
see that the theory correctly predicts overall trends in the CP intensities both within and between Families.

FEzxcitonic Effects. Discrepancies in the predicted excitation energies of the peaks on the order of 0.4 eV or
less are observed. This discrepancy is most likely due to excitonic effects which are not included in figure 5. A
detailed theory including the effects of excitons is given in Nugraha et al.!? Both the excitonic red shift and the
self-energy blue shift are large and on the order of eV in nanotubes, with the latter exceeding the former.30 35
Comparing theoretical and experimental CP spectra for the (12,1) tube, we find that both exhibit a double
peaked structure, but the lower energy theoretical peak is much stronger than the higher energy peak, whereas
the two experimental peaks have comparable strengths. This discrepancy is due to excitonic modification of the
shape of the nanotube absorption spectrum whose time-dependent modulation gives rise to the shape of the CP
signal.®® This is illustrated in figure 6. We see that CP lineshape for a 0-D system (for an isolated excitonic
state) matches the experimental lineshape better than the 1-D system.

4. CONCLUSIONS

In this paper we have reviewed our theoretical method for calculating the coherent phonon spectrum in carbon
nanotubes and graphene nanoribbons. Calculation of the coherent phonon spectrum requires a detailed knowledge
of i) the electronic structure, ii) optical matrix elements, iii) phonon modes and iv) electron-phonon matrix
elements. In our method, we have developed a microscopic theory which uses a tight-binding model out to third
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Figure 6. a) Excitonic effects on the absorption spectrum for a (6,5) nanotube. The non-interacting gap is 1.7 eV. The
binding energy for the 1s excitonic state is strong (0.43 eV) and a significant fraction of the band gap. The 2p excitonic
state is 0.31 eV above the 1s state. b) Schematic diagram comparing the dimensionality dependence of the CP signal
(power spectrum) for a 0-D system (corresponding to an isolated excitonic transition) and a 1-D system (noninteracting
system). The top row corresponds to the absorption coefficient. The middle row is the negative of the derivative of the
absorption coefficient and is proportional to the transient differential transmission for an RBM mode. The bottom row
shows the square of the derivative of the absorption coeflicient and is proportional to the CP intensity (power spectrum).

nearest neighbor for the electronic states and optical matrix elements and a valence force field model for the
phonons that includes interactions out to fourth nearest neighbors.

Our results show that the coherent SWNT RBM phonon spectrum strongly depends on the tube chirality.
Comparing our calculations with experiments, we see that the theory correctly predicts overall trends in the CP
intensities both within and between (n,m) Families. However, the detailed peak position is off and the lineshape
is different. Accounting for exciton effects can correct these discrepancies.
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