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ABSTRACT: The spin—orbit effect on the quantum corrections to the frfquencias of the I'- . M

1 .II:._.- NI

point optical phonon modes in graphene within the continuum approximation for phonons and sk

the effective-mass approximation for electrons is first investigated theoretically. The phonon self- a5}
energy is calculated in the one-loop approximation, including electron—phonon interaction. The o =
i:rfquenq,r shift and broadening of the optical phonon mode strongly depend on the strength of o g

Rashba spin—orbit coupling (SOC) in graphene. We separately analyze phonon self-energy
renormalization due to Rashba SOC and doping in monolayer (ML) graphene. We have obtained
the renormalized phonon energy and the broadening of the optical phonon mode by an exact
theoretical derivation of the phonon self-energy with Rashba spin—orbit coupling. The obtained .zfc
results allow the determination of the Rashba SOC parameter values by experimentally studying °°[; "7

the mentioned d-zpfndencies.
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. Phonons in Graphene
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G and D bands in Graphene
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The expected Raman modes observed in graphite whiskers in the spectral
region from 150 to 3400 cm ! excited at 632.8 nm.
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The Raman
resonance
processes
related to the
G, D and 2D
points in MG.

Raman spectroscopy of monolayer graphene
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The frequency shift and linewidth of the G-band

The frequency shift and linewidth of the G-band in graphene were investigated by
iIncluding:

o e N. Bonini, et al, Phys. Rev.
SRl 0L L), Lett. 99, 176802 (2007)

& Strain effect C. Si, Z.Sun,F.Liu, Nanoscale
s olAUEEIet 8, 3207 (2016)

T. Ando, J. Phys. Soc. Jpn. 75,

*» electron-phonon interaction

124701 (2006)




Frequency Shift and Broadening (units of Amg)
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FIG. 2. Fermi energy dependent Raman G mode at 25 K. (a)
Raman spectra measured under different back-gate voltages. (b) G
band energy (upper panel) and linewidth (lower panel) as a function
of Fermi energy. Inset: Landau damping of G phonon into electron-
hole pairs is only allowed when |Ef| < r"% and is forbidden by the
Pauli principle when |Eg| > r"—;"’ Blue dots: measurements; red lines:
theoretical calculation from EZ]. (1) with & = 7.9 meV.

I. Ando, J. Phys. Soc. Japan
75, 124701 (2006)
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Calculation of the optical phonon self-energy

AL AN | '.'.'4%.%&
(a) The phonon Green function
renormalized by direct e-e and e-ph ()
Interactions

(b) Equation for the renormalized %:QJFO O
phonon self-energy.




Hamiltonian of Dirac fermions, with Rashba SOl

H=H,+ 5(ax'csy — aysx)
Ho = & (tkeo, + ky0,) - Fermi velocity

.= hvgk k= (kx, ky)

{ T.=1 for K
T=—1, forK'
o = (0y,0y) |

¢ ™= Pauli matrices
o= (Sst Ssy)J




b2
(k) = 56+ (6% + e2) "

[Yiek) = {ZLZ [1 + (Vo) ]}_1/2

l’“’( isTe UEtLO —lSTe_lGVf;rk e_ngyf;‘fk 1)T
(6% + ¢ i
y 77 ( k) {r] = —1, == VB
ntk ke
{S e 1, ‘T
{ o E —1, -sl«

L° == graphene area




(g, 0) = ) T,(q,0)
U

u denotes the optical phonon modes
L<g

[1,(q, w) = 52 X

fOOF (S’n"r’k -+ q) / (Sg(k)) = ] (gg:(k = q))
5 sntk hoo — e.(kc) + eg:(k +q) +i0

kdk,

SNt

S,T],T,

/

2 I \2 :
: (s’n'rk) - (Vgrk) + (yg,,rk) + 258 ygrkyg,,ck
U

sntk ) \/(1 . (yﬁrk)z) (1 — (Vg:rk)Z)

)
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Aw = (1/h)Rell(q, w), O =—-(1/r)Imll(q, w)
ﬁ(q, (1)) — H(q, (1)) - H(q, 0) W0 = Wrp = Wy

[1(q, w) ==» Phonon total self-energy

ﬁ(WJ EFJ 6) —

AW{ 2w

7 Vwz —ag2 D+(0) = D_(0)]

\

T 7~ D-w) = Dy (w)] :

+% [\/EF(SF — 26) + \/EF(SF + 26) T 6D—(0) o 6D+(0)]

AVY

Di(x) = arctan (iZ\/ep(ep - 25)/\/x2 — 452)

W = hw + ivhw
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CONCLUSION

By studying the changes in the optical phonon
frequency and phonon line broadening at the
Gamma point, depending on the Fermi energy, it
was shown that in the observation range of the
Kohn anomaly:

a) singularities are observed in the frequency
change curve, when the Fermi energy & = 26,
where § is the Rashba parameter,

b) the Kohn minimum due to the spin-orbit
Interaction broadens and then turns into two
minima at the points ez/hAwy = 0.5 + 6 / hwy,

c) a singularity appears at the point ez = § in the
phonon line broadening curve.

The registration of the mentioned singularities in
the experiment provides the determination of the
Rashba parameter in the graphene system.
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ARTICLE INFD ABSTRACT
Keywords: A theory of first-order resonance Raman scattering by exciton-polar optical phonon (confined and interface)
Exciton fne structure interaction in a core/shell colloidal quantum dot is developed including corrections for non-sphericity. For this

Phomon confinement

- purpase both hole energy correction due o the non-sphericity of the quantum dot core and the effect of the
Colloédal guantum dat

. R i electron-hole exchange coupling on the exciton states have been taken into account to calculate the matrix el-

ERiNIAN AN S5ATTETIN , . f . f . 1 v

P TnGe & ements of the exciton-phonon Frohlich interaction. Considering the exciton fine structure, the Raman scattering
efficiency and the differential cross- section have subsequently been computed both for confined and interface

phonon modes. It is shown that increase of the ellipticity of the dot core strongly alters the resonant Raman
spectral profile stressing its key importance in analysis of the experimental data.
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TABLE II. Hole-phonon matrix elements calculated considering the joint influence of the electron-hole

exchange interaction and core shape non-sphencity.
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Fizg 2. Exciton fme-structure splitiing energmes asfunchions of the core averagze radus
r. and ellipticity parameter ¢ of a core’shell InP'ZnSe CQD for (3) prolate ({ = 0) and

(b} oblate {{ << 0) core quanhmm dot. Exciton fine-stuchire enermes are labeled
according to exciton total angularm omenhim projection F (see Table I).
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0.28 and dashed-dotted (red) curves with { = 0.21.



Fig. 6. Computed dependence of the resonance
Raman scattering cross-section on the Raman shift
and photon energy in the case of a) prolate and b)
oblate ellipticity of the core of a core/shell CQD.
¢) shows Raman shift dependence of the cross-
section at excitation energy 2.52¢V. The following

parameters were used T = 4K, 1. = 23 nm, 1y =
2.5 nm, |[{| =0.28
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Fig.6. Measured and computed Raman
spectra of InP/ZnSe core/shell CQDs
with an average core diameter of 2.9 nm
at 4K. The incident photon energy is
2.54 eV [20]. The arrows indicate the
five Raman frequency shift leading to the
expected resonances of the outgoing
photons with the five splitted excitonic
transitions (Fig. 1).




Our calculated results of the resonant Raman scattering
spectra in InP/ZnSe core/shell, a prolate core (zeta
equals 0.28), are compared with the experimental data
obtained by Brodu et al. The computed results for the
Raman intensity as a function of the Raman shift are in
excellent agreement with the experimental results both
in terms of amplitude and spectral shape in the InP
phonon energy range. A frequency shift and a deviation
between the experimental and computed amplitude iIn
the phonon range of the ZnSe shell are observed for the
interface phonons. It is probably due to the alteration of
their frequency by the strain induced by the ZnSe shell,
and to the overestimation of the core exciton
confinement. These boundary effects have still to be
Introduced in Raman scattering modeling.
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