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Department of Physics, Graduate School of Science, Tohoku University
EDDWI HESKY HASDEO (B3SD2703)

Background

Single atomic layer of graphite (graphene) becomes
the most fundamental material to study electrons and
phonons of two dimensional (2D) systems [Science
306, 666 (2004)]. A combination of electronic gating
and inelastic scattering of light (Raman spectroscopy)
elucidates interplay of electron, phonons, and pho-
tons in graphene because we can tune the Fermi en-
ergy (Er) of graphene while simultaneously probing
phonon excitation [Solid State Commun. 175-176, 18
(2013)]. Spectral properties such as intensity, spec-
tral linewidth, peak position, and lineshape of the Ra-
man spectra can be modified by varying Fg, indicating
an interplay of the electron-phonon interaction. How-
ever, the physical consequence behind the change of
spectral properties measured by experiment cannot be
understood unless a theoretical calculation of Raman
intensity is performed. Understanding detailed mech-
anism underlying the change of Raman spectral prop-
erties mentioned above is essential for the progress of
solid state physics, in particular, for the description
of the electron-photon, electron-phonon, and electron-

electron interactions of graphene.

Purposes

The purpose of this thesis is to investigate the gate
modulated Raman spectroscopy in graphene and to
find the origin of the changes of spectral properties as

a function of Ef.

Theoretical Methods and Results

Raman intensity. Raman scattering processes con-
sist of (1) an optical transition of an electron from
the valence to the conduction bands, (2) the electron-
phonon interactions by emitting a single (or two)
phonon(s) and (3) the electron relaxation back to
the valence band by emitting a photon as shown in
Fig. 1(a) and (b). The phonon excited by the Ra-
man process can have either a zero momentum q = 0
[Fig. 1(a)] or a non-zero momentum q # 0 [Fig. 1(b)].
The first-order Raman process corresponds to q = 0

phonon emission [Fig. 1(a)] while the second-order Ra-
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Figure 1: (a) First-order and (b) second-order Raman
processes. (c¢) Raman spectra of graphene at excita-
tion wavelength 355 nm by Liu et al. [Carbon 81, 807
(2015)].

man process corresponds to q # 0 phonon and —q
phonon emission processes [Fig. 1(b)] so as the pho-
toexcited electron to recombine with the hole. Fig-
ure 1(c) shows Raman spectra of graphene at excita-
tion wavelength 355 nm by Liu et al. [Carbon 81,
807 (2015)]. The G band occurring at ~ 1600 cm ™1
is assigned to the first-order Raman process while the
G* (~ 2400 cm™1) and G’ (~ 2800 cm~!) bands are
assigned to the second-order Raman process. We cal-
culated intensities for both the first- and second-order
Raman processes as a function of Er by employing the

perturbation theory.

Er dependence of peak position and linewidth.
Several works reported the changes of Raman peak
position and spectral linewidth upon varying Fr [e.g.
Nat Nano 3, 210 (2008), Phys. Rev. Lett. 98,
166802 (2007)]. Araujo et al. found experimentally
that the peak position [linewidth] of the G band shows
a “V” [“A”] shape as a function of Ex as shown by red
dots of Fig. 2(a)[Fig. 2(b)][Phys. Rev. Lett. 109,
046801 (2012)]. However, for the case of the G’ band,
peak position and linewidth show opposite behavior
from that of the G band as shown by red dots of
Figs. 2(c) and (d).

linewidth originates from phonon self-energy correc-

The change of peak position and

tion due to the electron-phonon interaction, known
as the Kohn anomaly (KA) effect. Previous works
calculated phonon self-energy [Phys. Rev. B 86,
201403 (2012)], nevertheless Raman intensity calcu-
lation was not performed, therefore theoretical con-
firmation to the experimental problem is still miss-

ing. We calculated phonon self-energy based on sec-
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Figure 2: (a) Peak positions and (b) linewidth of the

G band as a function of Er. (c) Peak positions and
(d) linewidth of the G’ band as a function of Eg. Cal-
culated results (black dots) are this work and the ex-
perimental results are taken from Araujo et al. [Phys.
Rev. Lett. 109, 046801 (2012)].

ond order-perturbation of phonon energy through the
electron-phonon interactions. The value of renormal-
ized phonon energy w is generally a complex num-
ber where Re(w) [—Im(w)] gives phonon energy shift
(phonon linewidth). Calculated results show that the
opposite KA effect between the first- and second or-
der Raman spectra appears because the KA effect of
the first-order Raman spectra comes from interband
electron-hole excitation, while in the second-order Ra-
man spectra, the intraband electron-hole excitation
dominates over the KA effect. After Raman inten-
sity calculation, we compare the peak position and
linewidth for the G band [G’ band] as shown by black
dots in Fig. 2(a) and (b) [Fig. 2(c) and (d)], respec-
tively.

Er dependence of intensity. In Raman process,
each electronic k state interferes with each other. This
quantum interference effect can be probed by observ-
ing the change of Raman intensity as a function of Fg.
The first-order Raman spectra are found to have de-
structive interference between their two resonant con-
ditions, known as the incident and scattered resonance
[Chen, Nature 471, 617 (2011)]. When the scattered
resonant condition can be suppressed while keeping
the incident resonance, the G band intensity enhance-
= Ey, — hwg/2, where
Ey, is the laser energy and wg is the frequency of the
G band ~ 1600 cm~! [Fig. 3(a)]. Present calculated

results found that not only the resonance conditions

ment can be achieved at 2|EF|

are important, but also the explicit consideration of
the electron-phonon matrix elements are essential to

determine the quantum interference effect of general
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Figure 3: (a) G band intensity as a function of Ep.
Black dots are calculation results, red squares and blue
squares are experimental results from [Nature 471, 617
(2011)] and [Nano Letters 13, 6170 (2013)], respec-
tively. (b) Calculated total Raman intensity (black),
the G band intensity (red), and ERS intensity (green)
at EF =0.

bands in Raman spectra [see. Fig. 3(a)].
Er dependence of lineshape. For long years it
was believed that the G band shows symmetric line-
shape. However, Yoon et al. [Carbon 61, 373 (2013)]
found that the G band of undoped (doped) graphene
shows asymmetric (symmetric) lineshape. According
to Fano, the asymmetric lineshape comes from in-
terference effect between the continuous and discrete
phonon spectra [PR 124, 1866 (1961)]. We assign the
continuous spectra as the electronic Raman spectra
(ERS) originates from the Coulomb interaction be-
tween the photo-excited electron with electrons near
the Fermi energy. In this calculation, we found that
intensity of the first-order ERS process is 6-order of
magnitude smaller than that of the second-order be-
cause the direct Coulomb interaction vanishes at q = 0
due to the symmetry of electron wavefunctions [inset of
Fig. 3(b)]. Considering the second-order Raman pro-
cess for the ERS spectra, we were able to reproduce

the asymmetric lineshape of the G band [Fig. 3(b)].
Summary

Based on the calculation of Raman intensity, phonon
self-energy, and electron-electron interaction, we ex-
plained the origin of changes of Raman spectral prop-
erties (peak position, linewidth, intensity, and line-
shape) as a function of Ep. Our calculation results
have been compared with the experiments with good

agreement.
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