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Long-wavelength optical phonon behavior in uniaxial strained graphene:
Role of electron-phonon interaction

M. Assili and S. Haddad”

Laboratoire de Physique de la Matiere Condensée, Département de Physique, Faculté des Sciences de Tunis,

Université Tunis El Manar, Campus Universitaire 1060 Tunis, Tunisia
(Received 17 March 2014; revised manuscript received 15 June 2014; published 2 September 2014)

We derive the frequency shifts and the broadening of I'-point longitudinal optical (LO) and transverse optical
(TO) phonon modes, due to electron-phonon interaction, in graphene under uniaxial strain as a function of
the electron density and the disorder amount. We show that, in the absence of a shear strain component, such
interaction gives rise to a lifting of the degeneracy of the LO and TO modes which contributes to the splitting
of the G Raman band. The anisotropy of the electronic spectrum, induced by the strain, results in a polarization
dependence of the LO and TO modes. This dependence is in agreement with the experimental results showing
a periodic modulation of the Raman intensity of the split G peak. Moreover, the anomalous behavior of the
frequency shift reported in undeformed graphene is found to be robust under strain.

DOI: 10.1103/PhysRevB.90.125401

I. INTRODUCTION

Since its discovery in 2004 [1], graphene continues to be the
subject of intense interest regarding its exotic properties [2,3].
These intriguing properties, such as the anomalous quantum
Hall effect, are ascribed to Dirac-type electrons described
by the Weyl’s equation for massless particles [3]. The
electronic properties in graphene are significantly affected
by applying a strain [4]. The latter can also, accidentally,
occur during the fabrication process as in exfoliation or
chemical vapor deposition of graphene samples [5]. Theo-
retical and first-principles calculations revealed the substantial
effect of the strain on the electronic and lattice spectra of
graphene [6-9].

To bring out the signature of strain-induced modified
electronic and vibrational properties, Raman spectroscopy has
emerged as a powerful probe. This technique, which is simple
to use in graphene, is found to be a successful tool to identify
the number of layers in multilayer graphene, and to probe the
nature of disorder and the doping amount [10-12].

Several experimental studies have been carried out on
Raman spectra of graphene under uniaxial strain [13-22]. The
results revealed that, due to the strain, the Raman G band is
red-shifted and split into two peaks denoted G™ and G~. G*
(G7) is the mode-polarized perpendicular (along) the strain
direction. The G peak appearing in unstrained graphene at
1580 cm™! corresponds to a doubly degenerate optical mode
at the I' point of the Brillouin zone (BZ). The splitting of
the G peak results from the strain-induced lattice symmetry
lowering.

Experimental results showed that the frequency shift rates
of the G* and G~ as a function of the strain strength € is of
% ~ —13em™!/% and 22% ~ —6 cm™! /% [15]. Recent
measurements [17,20,22-24] reported that the rate shifts of G~
and G™ are, respectively, of —33 and —14 cm™! /% in agree-
ment with first-principles calculations [17,23]. The difference
in the shift rates was attributed to strain calibration [23]. The G-
band splitting could be understood within a phenomenological
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model based on a semiclassical approach [17,25,26]. Within
this model, the shear component of the strain is found to be
responsible of the splitting.

Raman spectroscopy of strained graphene has also revealed
that the 2D band, originating from a resonant scattering process
involving two optical phonons at the BZ edges, splits into
two peaks under uniaxial strain [23,24,27]. This splitting was
ascribed to strain-induced changes in the resonant conditions
resulting from both modified electronic band structure and
phonon dispersion [23,25].

Several studies reported that the electron-phonon coupling
plays a key role in Raman spectroscopy in graphene [2,28-30].
Ando [31] showed that, in undeformed graphene, the frequency
of the center zone optical phonon mode is shifted due to
electron-phonon interaction. The frequency behavior is found
to depend on the value of the Fermi energy Er compared

to the phonon frequency wg at the I' point: For Efp < @

(Ep > "20), the phonon frequency is red-shifted (blue-shifted)
leading to a lattice softening (hardening). In the clean limit,
a logarithmic singularity takes place at Ey = "2 which is
found to be smeared out in the dirty limit and at finite
temperature [32]. Moreover, Ando [31] reported an anomalous
behavior of the optical phonon damping induced by the
electron-phonon interaction: for Ep < @, the phonons are
damped due to the formation of electron-hole pairs leading
to phonon softening [2]. However, for Efp > @, the phonon
is no more damped since the electron-hole pair production
is forbidden by the Pauli principle [2,31]. This damping
behavior predicted by Ando [31] was observed in Raman
spectroscopy [2,30,33].

The natural question, which arises at this point, is how the
frequency shifts and damping of optical phonon are modified
in uniaxial strained graphene where electron band structure is
deeply changed.

Theoretical studies [34,35] showed that the perfect hon-
eycomb lattice of graphene undergoes a quinoid-type defor-
mation by applying a uniaxial strain. The Dirac cones are no
longer at the corners of the BZ and are tilted. The correspond-
ing low-energy electronic properties could be described by the

generalized two-dimensional (2D) Weyl’s Hamiltonian [35]. It
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is worth to note that the tilted Dirac cones are also expected in
the organic conductor a-(BEDT), I3 where BEDT stands for
bis(ethylenedithio)-tetrathiafulvalene [35-38]. Based on the
generalized Weyl’s Hamiltonian, several intriguing properties
of this compound have been unveiled [35,36,38,39].

In this paper, we focus on the effect of the electron-phonon
interaction on the I"-point optical phonon modes in graphene
under uniaxial strain described by a quinoid-type lattice. We
show that the frequency shift and the broadening of the
longitudinal optical (LO) and the transverse optical (TO)
phonon modes are substantially dependent on the characteris-
tic parameters of the Weyl Hamiltonian which are the tilt and
the anisotropy of the electronic dispersion relation. We bring
out original points which, to the best of our knowledge, have
not been addressed so far: (i) the electron-phonon interaction
in strained graphene induces a lifting of the degeneracy of the
LO and TO modes which contributes to the splitting of the G
band. This effect is found to originate from the anisotropy
of the electronic spectrum and not from the tilt of Dirac
cones. The latter may only give rise to a global shift of the
G band compared to the undeformed case. The splitting is
found to be strongly dependent on the electron density and
disorder amount. (ii) The anomalous behavior of the phonon
damping reported in Refs. [2,31] in undeformed graphene
is found to be a robust feature which is kept under uniaxial
strain. The damping of LO and TO modes strongly depends
on the strain amplitude and the phonon angle. We found
that, in the particular case, where one of the modes is along
the strain direction, the corresponding phonons are strongly
damped for a compressive deformation. However, the phonon
mode perpendicular to the strain direction is less damped and
its lifetime increases as the strain amplitude increases. For
tensile deformation, the mode behaviors are exchanged. (iii)
A crossing of TO and LO frequencies can take place at a
particular doping value as found in carbon nanotubes [40]. (iv)
We found that the electron-phonon interaction contributes to
the polarization dependence of the G peak in uniaxial strained
graphene as concluded by Mohiuddin et al. [17].

The paper is organized as follows: In Sec. II, we give
the outlines of the formulation to derive the optical phonon
self-energy. We start with the generalized Weyl’s Hamiltonian
obtained within the effective mass approach. Then, we derive
the electron-phonon interaction Hamiltonian and the phonon
self-energy. The results are discussed in Sec. IIl in relation with
experiments. Section IV is devoted to the concluding remarks.

II. OPTICAL PHONON SELF-ENERGY

We consider the optical phonon modes of the center BZ
responsable of the G peak in graphene. We focus on the LO and
in-plane TO modes. We first derive the electronic Hamiltonian,
within the effective mass theory [41-43], taking into account
the first- and second-neighbor hopping parameters in strained
graphene.

A. Electronic Hamiltonian

By applying a uniaxial strain along, for example, the
y direction, the honeycomb lattice turns to a quinoid-type
lattice [3]. It is worth to note that one should consider an
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FIG. 1. (Color online) Deformed honeycomb lattice along the y
axis. (d;,d,) is the lattice basis. The hopping parameters to the first
(second) neighbors ¢ and ' (f,,, and f,,,) are different due the

deformation. Vectors connecting first- (second-) neighboring atoms
are denoted 7; (a;).

arbitrary strain direction as done, for example, in Refs. [6,34].
However, several experimental and numerical studies [6,17]
have shown that the G-band behavior is independent of the
strain direction. Considering a generic strain direction will
give rise to the same form of the electronic Hamiltonian but
with renormalized parameters. We then consider for simplicity
a strain along the y direction as in Ref. [3]. In such case,
the hopping parameters to the first-neighboring atoms are no
more equal as in undeformed graphene. The distance between
neighboring atoms along the y direction changes from a to

a =a+éa.

The vectors 7; (I = 1,2,3) connecting the sites of the A
sublattice with first-neighbor sites on the B sublattice are given

by (Fig. 1)
> a > > > a > >
f=5(3e+8), B=2(-V3E 48,

73 = —a(l + €)éy, 1)
where a is the distance between first-neighbor atoms in
undeformed graphene, € = %" is the lattice deformation which
measures the strain amplitude. € is negative (positive) for
compressive (tensile) deformation.

The second-neighbor sites are connected by vectors a; given
by

- - - 3. 3 -
a = ﬁaex, a, = %aex +a<§ + e)ey,

. 3 3 -
az = —%aex +a(§ + e)ey, 2)

where (d;,a,) is the lattice basis.

The hopping integral along 7; is affected by the strain and is
different from those along 7; and T, which are equal. Moreover,
the hopping parameters to the second-neighboring atoms along
d, and a3 are modified by the strain compared to that along ;.

It is worth to stress that by applying a strain along the
y direction, one should expect a strain component along the
X axis €, = —ve,, where v = 0.165 is the Poisson ratio of
graphene. The off-diagonal terms of the strain tensor, which
depend on the strain direction and the Poisson ratio [34],
generate different bond lengths. However, for a strain axis
parallel to the principal symmetry direction x or y, these terms
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vanish leading to equal bond lengths as assumed in our model.
The contribution of Poisson ratio could, then, be neglected
compared to the main contribution resulting from the strain
component along the stress axis.
l I . .
We denote by ¢ () ) the hopping integral to the first-

(second-) neighboring atoms along 7; (d;) vectors. We set#{)) =

t!2) = t. Under strain ) changes from 7 to ¢’ given by [35]
ot
!'=t+ —éa.
da

o0,

) along a, and a3 changes from the value of undeformed

graphene, denoted f,,,, to ¢, written as
atnnn
ty/mn = tynn + Waa

The momentum vectors of Dirac points D and D’ are given,
respectively, by [35]

kP =0 kD—giarccos r 3)
RV 2)’
where & = =+ is the valley index. We denote hereafter
l,/
0= -—— ). 4
arccos ( 2t> “4)

In undeformed graphene, the Dirac points D and D’ are at the
corners of the BZ K and K’. Under the strain, D and D’ move
away from K and K’ points [34,44].

The electronic wave function can be written as [31,43]

V) =Y Ya(Rae(F — Ra)+ Y ¥s(Rp)e( — Rp),
7, s
5)

where (7 — R4) and o(F — Rp) are atomic orbitals centered
on atoms A and B, respectively.

In the k. p approach [42,43], the coefficients wA(ﬁ 4) and
Yp(Rp) are given by

- TD. R - D B ;-
Va(Ra) = e* P FP (R + X R FP(Ry),

- .”D_” - .’D/_” ;-
Ys(Rp) = e **FP(Rp) — ™ R FP(Rp),  (6)

where FP, F f/, FP, and F 1? are slowly varying envelope
functions.

Considering second-neighbor hopping integrals, the elec-
tronic energy obeys to

3 6
eYa(RA) = — Y tOWp(Ra — ) — > 1) Wa(Rs — ),

=1 =1

3 6
eyp(Rp) = — Z tDUs(Rp + 7)) — Z 1D wp(Rp — ay),
=1 I=1

@)

where dy = —dy, ds = —dy, and ag = —as.
Within the k. method, Eq. (7) becomes

(F/?(?)) < Woxky Wik, — iwyky> (Ff(?))
e = ,
FP#) wyiky +iwyk, worky FP#)

®)
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where k = (ky,ky) is the wave vector and
w, = +/3at sin6, wy = %t/a (1 + %6) ,
wox = 28/3a(tyn SN 260 + 1, sin6). )

Details of the calculations are given in Appendix A.
From Eq. (7) we recover the so-called minimal form of the
generalized Weyl Hamiltonian [3,37]

He (k) = £(iDo.ko® + wek,o™) 4+ wykyo?, (10)

where Wy = (wo,, woy = 0), 0” = 11, 0* and 0¥ are the 2x2
Pauli matrices. The corresponding dispersion relation is of the

form
ex(k) = o - k + A w2k + w2k, (11)

Wy is responsible of the tilt of Dirac cones away from the z
axis. This term obeys the condition [35]

\/ Wox : Woy :
Wy = ( ) + < - ) <1, (12)
Wy w,

which ensures the presence of two energy bands: a positive
energy for A = + and a negative energy band for A = — [35].
In deformed graphene and for wg, = 0, Wy ~ 0.6€ [35].

The eigenfunctions of the Hamiltonian given by Eq. (10)

are of the form
1 1 ik-7
e (ne@;) e, (13)

where n = A& is the chirality index, S’ is the lattice surface

3 wyky
under strain, and tan &y = ==

F(k,F) =

B. Electron-phonon interaction

In this section, we derive the effective Hamiltonian de-
scribing the effect of the lattice vibrations on the electronic
Hamiltonian. Such effect arises from the change of the hopping
integrals due to the lattice distortion. This Hamiltonian was
obtained by Ando [31] in the case of undeformed graphene. We
shall determine the electron-phonon interaction Hamiltonian
in quinoid-type deformed graphene.

The phonon Hamiltonian can be written as [31]

; 1
Hyp =Y ha,, (b"}’ubq,u + 5), (14)
G.n

where b;ﬂ (bg,,) is the creation (annihilation) operator of
phonon with wave vector § = (¢x.,q,) and mode u = LO,
TO. wy,,, is the u mode phonon frequency at the I" point.

The relative displacement of the two sublattices A and B in
the continuum limit is

i) = %[m) i@, (15)

which can be written for optical phonon at I" point as [31]

h 1 -
ooy 3 f o oy g
= 3N Ly B VD@10
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where M is the mass of the carbon atom, N is the number of
unit cells, and €,,(¢) is given by

éL(q) = ilcos p(q), sinp(q)],
ér(q) = i[—sing(q), cos p(q)] a7

with tan ¢(q) = Z—; To derive the electron-phonon effective
Hamiltonian, we shall determine the effect of the lattice
displacement on the hopping integrals.

The hopping parameter between first-neighboring atoms
located at R, and R4 — 7 is changed from t!) 1o [46]

ard Lo
14 a—;;'[m +us(Ry) —up(Ry — 1) —di]  (18)
with d; = |T|, di = d» = a, and d3 = a(1 + €). The hopping
integral between second-neighboring atoms changes from
th to

nnn
P L .
tin + 22 11a + 4 (Ry) = 4 (Ry = @] = al. - (19)
1

However, the correction to ¢

optical phonon modes (§ = 0).
Since the amplitude of the lattice displacement is small
compared to the lattice parameter, Eq. (18) becomes

terms vanishes for I'-point

0 T G BBl Q0)
—— - [u —u — 1))

mt G g A B(Rqa — 7

In the continuum limit, &4(Rs) — iip(Ry — 7)) = iia(F) —

lig(Fa — ) ~ V2i(F).

The correction to the hopping integrals due to lattice
distortion, given by Eq. (20), leads to an extra term AH in
the electronic Hamiltonian which is written near the D point
as (for details, see Appendix B)

AH
_ V2o 0 o win () +iwau ()
ta da w;vuy(r)_iwxux(r) 0 ’
ey
|
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where u,(7) and u,(F) are the component of the relative
displacement u. w/, is of the form

w, = —altcosf +1'(1 +€)] ~wy —2et'a(l +€) (22)

and 6 obeys Eq. (4).

Given the expression of wy and since ¢’ = #(1 — 2¢) [35],
we have w, = %at’(l + %e) and w; =w, — Aw, with
Aw, = %‘ewy.

The electron-phonon Hamiltonian can then be written
as [31]

h B 1 e iz t
Hiyy = —\ ——— E —— V(@' T (bg  + b ),
NM 2 I3 q, q.n
a G, 1 V01
(23)
where 8 = — 511:; = —%g—[’l, woy, 1s the frequency of the optical

phonon at the I" point in the deformed graphene for the mode
w in the absence of electron-phonon interaction.

In undeformed graphene, wor = wor, = wp. This degen-
eracy is expected to be lifted in the strained graphene due
to the symmetry breaking. According to a phenomenological
model [17,24,25], the strain tension ¢;; in graphene reduces
to €,, = € where y is the direction of the applied strain, and
€xx = —Vé€,, along the direction transverse to the strain and v
is the Poisson ratio. The G band splits into two bands G* with
frequencies w™ shifted from the unstrained band frequency wy
as Aw* = 0 — 0y = —wo¥E,, (€xx + €y) E 3B, @0(exs —
€,y) Where VEs, and B E,, are, respectively, the Griineisen
parameter and the shear deformation potential. The shear
component of the strain €; = €, — €,, is then responsible of
the G-band splitting. The question arising at this point concerns
the contribution of the electron-phonon interaction to the
splitting of the G band. To highlight this contribution, we did
not consider the effect of the shear component which turns out
to disregard the effect of the strain on the phonon dispersion.
We then assume that, in the absence of electron-phonon
interaction, the center zone optical phonon modes LO and
TO have the same frequencies wor ~ wor, ~ wy. By switching
on the interaction, this degeneracy may be lifted giving rise
to two bands corresponding to the LO and TO modes which
result in the G-band splitting.

The matrices V,,(g) are given, near the D point, by

) 0 ; sine@) — o' cos p(q)
V = W i q e « '
(q) x Wy <,~%‘P/<4) + o’ cos p(q) 0

) 0 PV 4 o sing(q)
Vi@ = Jwew} (oo in (g ' | :
(@) = \Jwyw) <z%‘”@ — a'sing(q) ! -

where o' = Jw,/ w,. V,.(g) near the D’ point satisfies
VHD'(c?) = V?(—¢)* [31]. Contrary to acoustic phonons, there
is no scalar deformation potential in the interaction Hamilto-
nian [45] regarding the expression of the relative displacement
of the long-wavelength optical phonons [Eq. (16)].

[
C. Optical phonon self-energy

The retarded phonon Green’s function can be written as [31]

2 ha)()

D,(G.0) = I
n(q.) (hw + in)? — (hwo)? — 2hawoT1,(G,®)

(25)
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I1,(¢,w) is the self-energy and n = & 7 being the scattering

T

time. The shift Aw = w — wy of the phonon frequency is
given by the real part of the Green’s function pole. For small

PHYSICAL REVIEW B 90, 125401 (2014)

The imaginary part of the Green’s function pole gives the
broadening I, o TL of the phonon mode, 7,, being the phonon
lifetime:

correction to wp, Aw is given by r, = —%Im I1,,(G o). 27
Aw = lRe I1,(q,w0). (26) The self-energy of the I'-point optical phonon can be written
h as [31,46]

J

~ hS ([ B\? dk - .
M,(G — 0,0) = —gvgs— | = ——— |\ k| V(@A K) )P
W@ = 0.0) = —gugi <a2> ;/Qn)zu V(@115

fen(k)) — f(er(k))
heo + &0(k) — &,(k) + in’

(28)

where g, and g, are the valley and spin degeneracy, f(e) is the Fermi distribution function f(¢) = ——, and pu, is the
e KT 41

chemical potential at temperature T. S’ is the graphene surface under uniaxial strain S’ = N|d; xds|| >~ S(1 + %e) where § is
the undeformed graphene surface.
For long-wavelength phonon modes near the D point, the matrix elements can be written as

- - w,w’, [sin? (g .
|V RIVL@IA K+ §)P = T‘ [Sm—‘z(q)(l — c08 2®;) + a2 cos? p(§)(1 + cos 2d;7) + sin 2¢(§) cos 2@,;} :
o
W w) cos” ¢(q)

|V KIVE@IA K+ §))? =

5 4 |:oe’2 sin? (§)(1 4 cos 297 +

" (1 — cos2®;) — sin2¢(g) cos 2CI>,{| .9

According to Eq. (28), only interband processes (A’ = —A) contribute the self-energy of ¢ = 0 phonon modes.
Regarding the electronic dispersion relation [Eq. (11)], the term Aw + €,/ (k) — ¢, (k) in Eq. (28) becomes

hao + 22, J w22 + w2k?.

Setting g, = w,k, and g, = w,k,, the integration over ®; in Eq. (28) vanishes and the expression of the self-energy can be
reduced to an integration over the energy:

o = b ede 1 1
I — 0,w) = —C —&) — - ) 30
n(g w) u/o 2m},;z[f( €) f(g)][hw+28+in hw—28+in] (30)
where we used the density of state in quinoid lattice p(¢) = # le| [35]. v}y is a renormalized Fermi velocity given by [35,47]
F

vE = Jwrwy (1 — 3wg) . 31

&. in Eq. (30) is a cutoff energy corresponding to the limit of validity of the linear electronic dispersion given by Eq. (11) and the
coefficient C, is given by

sin? (@) | )
CL=A [% +a” cos’® 90(61)} ,
2 -
Cr=A |:o/2 sin? () + Lfﬁ(")} , (32)
o
and A is a constant written as
€8 363w, S h B\ w,s
a=fB 2B (L) =c2s (33)
7T wy S 2Ma*wp \ 2 wy S

As mentioned in Ref. [31], one should substract the contribution of @ = 0 modes to avoid double counting of electron
contribution. The self-energy at zero temperature takes then the form

.(g — 6,0)) —

1 in> 1 h 2E% + i
3 [sm + o’ cos? ¢i| |:AE‘*; — ZA(ha)+ in)ln (M> in] ,
)i

(1 — w3)’ a? ho —2E} +in
. = 1 2 1 ho +2E% +i
MG — 0,0) = —— |a”sin @ + < AES — ~A(ho +imn (22280000 ] (34)
(1 —w?)? o 4 ho —2E% +in

(

undeformed graphene. Equation (34) reduces to that obtained
by Ando [31] in undeformed graphene for &’ = 1 and @y = 0.

where we set ® = ¢(q) and E} = hvpkr =~ Ep(1 — §) (see
Appendix A), with Ep = vpkp being the Fermi energy in
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III. RESULTS AND DISCUSSION

Figure 2 shows the dependence of the frequency shifts and
broadening of the LO and the TO modes as a function of the
Fermi energy Er in the dirty limit for a compressive strain
strength € = —2%. The shifts are normalized to C = A%:Sﬁ
where A is given by Eq. (33). In an undoped system, the effect
of electron-phonon interaction on the frequency shifts is not
relevant. This effect is enhanced by introducing impurities in
the system or by increasing the strain amplitude as we will
show in the next section.

For clarity reasons, we will consider in the following strain
strength |€]| > 10%. It should be noted that the critical strain
for graphene is of 25%. Figure 3 shows the dependence of

2 \

| ---—-LO,e=—2%
— LO(TO),e=0% ‘
....... TO,e=-2%

1.5

0.5

Frequency shift (Units of Cw)
e

. /1, =0.3 i
T o0=m/2
0 | | |
0 0.5 1 1.5 2
Fermi energy (Units of ho/2r)
(a)
I I
0.8 ™ -—-- LO,e=-2% .
......... N —— LO(TO),e=0%
. | [, TO,e=-2% i
=] AN
3 \
— 0.6
°
= L
2
204
g
D
= L
<
S
&
0.2+
1/o,t=0.3
- d=m2
0 | | |
0 0.5 1 1.5 2

Fermi energy (Units of hw/2m)
(b)

FIG. 2. (Color online) Frequency shifts (a) and broadening (b)
of LO (dashed line) and TO (dotted line) modes as a function of the

Fermi energy E in the dirty limit ﬁ = 0.3 for a compressive strain

€ =% = _29%. The LO mode is along the strain axis. The solid line

a
is the result for the undeformed case.
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FIG. 3. (Color online) Frequency shifts of LO (dashed line) and
TO (dotted line) modes as a function of the Fermi energy E in the
clean limit (%wo = 0) and for a compressive strain € = 24 = —20%.
The LO mode is along the strain axis. The solid line is the result
for the undeformed case. The inset shows the frequency shifts for
Er < %
the frequency shifts on the Fermi energy E in the clean limit
(ﬁ = 0) for a compressive strain strength € = —20%.

Due to the deformation, the degeneracy of LO and TO
modes, obtained in the undeformed graphene (solid line in
Fig. 3), is lifted. The logarithmic singularity at Er = %
reported in the undeformed case is a robust feature which
persists under strain but takes place at £y = % (1 + §) which
corresponds to E} = % in Eq. (34).

According to Fig. 3, both TO and LO modes are red-shifted
leading to a lattice softening for Ef < %(1 + ). However,
the phonon frequencies increase with Ep and the lattice
hardens for Ep > @(1 + 5). Moreover, the frequency of
the LO mode, which is along the strain axis, is more shifted
compared the the TO mode. The LO mode is then more affected
by the electron-phonon interaction as shown by the broadening
behavior depicted in Fig. 4. The damping of the LO mode is
more pronounced than that of the TO mode which is found to
be more long lived than the modes of undeformed graphene.

This behavior can be understood from the structure of the
electronic dispersion. Along the strain direction, the electron
velocity is enhanced for a compressive deformation (¢ < 0)
as v, = % i~ 23—5(1 - ge)at, while that in the perpendicular
direction is reduced as v, = % ~ (1 + Z¢)at.

The Fermi level changes as Ej =~ Er(1 — §) which in-
creases for a compressive strain (Fig. 5). As a consequence,
the production of electron-hole pairs is furthered along the
strain direction, as shown in Fig. 5, since there are more
states which are not blocked by Pauli principle for a given
phonon frequency. However, in the direction perpendicular to
the strain, electron-hole processes, allowed in the undeformed
case, become forbidden by the Pauli exclusion principle. This
explains the long-lived TO phonon mode compared to the
modes of undeformed graphene.
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FIG. 4. (Color online) Broadenings of LO (dashed line) and TO
(dotted line) modes as a function of the Fermi energy E in the clean
limit (% = 0) and for a compressive strain € = 2 = —20%. The
LO mode is along the strain axis. The solid line is the result for the
undeformed case.

The behavior of LO and TO modes is exchanged for ® = 0
where the TO mode becomes along the strain direction. More-
over, the behavior is also exchanged for tensile deformation
(e > 0). This feature can be understood from Eq. (34) showing
that the leading term for the frequency shifts is 0% > 1 in
compressive strain and o> > 1 for tensile deformation.

Figure 6 shows the frequency shifts and the broadening of
the phonon modes at ® = %. The difference in damping of
TO and LO modes, obtained for & = % and ® = 0, is clearly
reduced since both modes have a component along the strain
direction.

The logarithmic singularity obtained in the clean limit at
E} = @ (Fig. 3) is smeared out in the dirty limit as shown
in Fig. 7 for ® = 7 in the case of tensile and compressive
deformation. According to Fig. 7, the frequency shifts of LO
and TO modes depend on the Fermi level and the amount of
disorder. Away from E}. ~ @, all modes show a blue-shift
contrary to the clean limit where LO and TO modes undergo a
red-shift (blue-shift) for compressive (tensile) strain at E}. <
@. The frequency blue-shift is reminiscent of that found by
Ando [31] in undeformed graphene in the dirty limit.

The dependence of the frequency shifts on the doping level
and the amount of disorder may explain the discrepancy in the
experimental values of the shift rates of G* and G~ bands as
function of the strain [15-17,20,22] and which was ascribed
to a difference in the strain calibration. We suggest that this
discrepancy may be due to the doping and the disorder amount
in the sample.

In Ref. [22], the authors studied the behavior of the G band
in deformed graphene using polarized light. They reported
that the G peak can be regarded as a mixture of three peaks
corresponding to the undeformed case (G°), and compressive
(G™) and tensile (G*) deformation. The authors attributed
the presence of both blue- and red-shifted frequencies (G
and G~ bands) to the anisotropy of the applied deformation.

PHYSICAL REVIEW B 90, 125401 (2014)

E(k) = v/k |
“E(k)=v k.

FIG. 5. (Color online) Electron-hole process responsible of
phonon hardening corresponds to the states where production of
electron-hole pairs is forbidden by the Pauli principle. These states
correspond to the dashed region for undeformed case and the gray
area for compressive strain. The Fermi level (E7}) increases under
compressive deformation and the Fermi velocity v, (v;) along
(perpendicular) to the strain direction (y’y) is enhanced (reduced)
compared to the isotropic case. This leads to more (less) electron-hole
pairs contributing to phonon softening. The dashed and solid arrows
(crossed solid and dashed arrows) denote the electron-hole process
leading to phonon softening (hardening) for the undeformed and
compressed case, respectively.

According to Figs. 3 and 7, for E} > % and ® = 7, the LO
mode (TO mode) is blue-shifted (red-shifted) compared to the
undeformed mode (solid line in the figures) for compressive
strain. The experimental results of Ref. [22] could then be the
signature of the electron-phonon interaction. The shifted G*
and G~ modes could be assigned to the LO and TO modes for
a given uniaxial strain at a doping level E}. > %

In Fig. 8, we plot the broadening of phonon modes as a
function of the Fermi energy for ® = 7 in the dirty limit. The
figure shows that the damping of the mode along the strain
direction is enhanced as the amplitude of the deformation
increases. This reflects the increasing number of the electron-
hole pairs leading to decaying phonons (Fig. 5).

The strain dependence of the frequency shifts is depicted
in Fig. 9 where we considered the case of undoped graphene
in the dirty limit (Ez = 0, —— = 0.1) and the doped graphene

’ Two
(;% = 0.45) in the clean limit since the shifts in the clean un-
doped case are small. The shift behaviors could be understood
from the processes depicted in Fig. 5.
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FIG. 6. (Color online) Frequency shifts and broadenings of LO
(dashed line) and TO (dotted line) modes as a function of the
Fermi energy Er in the clean limit (-~ L — () and for a compressive
deformation € = ¢ = —20%. The phonon angle is ® = Z. The solid
line is the result for the undeformed case.

Figure 9 shows a linear behavior of the frequency shift as a
function of the strain strength for small strain. This is reminis-
cent of the experimental results reported in Refs. [17,20]. The
strain rates and slopes of the frequency shifts are dependent on
the doping level and the disorder amount. According to Fig. 9,
the linearity is lost by increasing the strain. It is worth to note
that a departure from a linear behavior was also reported in
Ref. [23] for the strain dependence of the frequency shift of
the 2D Raman band. Such behavior could also be observed
in Raman spectra of «-(BEDT), I, salt showing a strong
anisotropic electronic Dirac spectrum.

In the limit of strong strain, we expect a decoupling of
electron-hole pairs from the phonon mode along (perpendicu-
lar) to the strain axis for tensile (compressive) deformation as
shownin Fig. 10. Such effect could not be observed in graphene

PHYSICAL REVIEW B 90, 125401 (2014)
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FIG. 7. (Color online) Frequency shifts of LO and TO modes as
a function of the Fermi energy Er in the dirty limit (% =0.1)
and for compressive strains of —10% and —20%. The LO phonon
mode is along the strain direction. The solid line is the result for the
undeformed case.

where the critical strain is of 25% but may be brought out in
a-(BEDT), [48,49].

A hallmark feature of the doping dependence of the
frequency shifts is the presence of crossings of LO and
TO modes (Figs. 3 and 7). At the corresponding Fermi
energy, no G-band splitting is expected due to electron-phonon
interaction. Experimentally, the G* and the G~ bands should
then merge in uniaxial strained graphene by doping the sample
at the critical value corresponding to the crossing of LO and
TO modes. This feature could only be observed in the absence
of the shear strain which induces a splitting of the G band. A

2 I

(= ~o e LO,e=-20%

-\' ........ LO,e=-10%

.l 3 —— LO(TO),e=0% |
8 . : ---- TO,e=-10%
o - TO, e=—20 %
g [ i
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£ B
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& 05 5

Fermi energy E_ (units of ho/2m)

FIG. 8. (Color online) Broadenings of LO and TO modes as a
function of the Fermi energy Er in the dirty hmlt( = 0.1) and for
compressive strains of —10% and —20%. The LO phonon mode
is along the strain direction. The solid line is the result for the
undeformed case.
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FIG. 9. (Color online) Strain dependence of the of LO (dashed
line) and TO (dotted line) frequency shifts in (a) undoped case and
in the dirty limit (ﬁ = 0.1), (b) in doped case (f% = 0.45) and in
the clean limit (ﬁ = 0), and (c) in doped case (rfT)Fo = 0.6) and in
the dirty limit (% = 0.1). The LO phonon mode is along the strain
direction.
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FIG. 10. (Color online) (a) Frequency shifts and (b) broadenings
of the of LO (dashed line) and TO (solid line) as a function of the
Fermi energy Ef in the dirty limit (% =0.1) and for a strong
tensile deformation. The LO phonon mode, which is along the strain
direction, decouples from the electron-hole pairs.

possible crossing of LO and TO modes was also reported in
carbon nanotubes [40].

In Fig. 11, we plot the dependence of the phonon frequency
shifts on the phonon angle ® with respect to the axis
perpendicular to the strain direction. The shifts of the LO and
TO modes display a periodic modulation with a relative shift
of 90°. According to Eq. (34), this dependence is due to the
anisotropy of the electronic dispersion relation. Considering
the isotropic case (o’ = 1), the shifts become independent on
® as in isotropic honeycomb lattice [31].

Our results are in agreement with the experimental
data [17,22] and numerical calculations [25] showing a
periodic modulation of the intensity of G* and the G~ peaks as
a function of the angle between the incident light polarization
and the strain axis. The relative shifts of the two bands are
also found to be of 90°. Our results support the idea presented
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FIG. 11. (Color online) Angle dependence of the frequency
shifts of the LO (dashed line) and TO (dashed-dotted line) in the
doped case (Er = 0.5hwy), in the dirty limit (% =0.1), and for
a compressive deformation. & (in degrees) is the angle of optical

phonon with respect to the x axis perpendicular to the strain direction.
The solid line is the result for the undeformed case.

in the experimental study of Mohiuddin et al. [17] suggesting
that the polarization dependence of the G peaks is due to the
anisotropy of the electronic spectrum and such dependence is
the signature of the electron-phonon interaction. It is worth
to stress that Sasaki et al. [SO] proposed that the nature of the
graphene edges contributes also to the polarization dependence
of Raman bands in strained graphene.

IV. CONCLUDING REMARKS

We have derived the frequency shifts and the broadenings
of the longitudinal (LO) and transverse (TO) optical phonon
modes at the I' point in graphene under uniaxial strain
disregarding the contribution of shear strain component. We
show that the Raman G band, corresponding to a double-
degenerate mode in undeformed graphene, may split into two
peaks due to electron-phonon interaction. These peaks are
assigned to the LO and the TO modes which are found to
be strongly dependent on the Fermi level and the amount of
disorder. This dependence may explain the difference in the
experimental results giving the strain rates of the frequency
shifts of the G* and G~ modes.

Moreover, we found that the splitting of the G band is due
to the anisotropy of the electronic spectrum. The tilt of Dirac
cones, arising also from the strain, is found to be irrelevant for
the relative frequency shift of the LO and TO modes since it
leads to a global shift of the G peak.

We also show that the electron-phonon intercation con-
tributes to the Raman polarization dependence of the G peaks
in strained graphene. This contribution reflects the anisotropy
of the electronic spectrum. The optical phonon mode along
the strain is found to be damped (long lived) for compressive
(tensile) strain. The frequency shifts and the lifetime of the op-
tical phonons are substantially dependent on the strain strength
and the phonon angle. At relatively strong strain, it is possible

PHYSICAL REVIEW B 90, 125401 (2014)

to induce a decoupling of the phonon mode perpendicular to
the compressive strain axis from electron-hole pair produc-
tion process. The signature of the strain-induced anisotropic
electronic dispersion could also be brought out in the I'-point
magnetophonon resonance at high magnetic field [51].
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APPENDIX A: WEYL HAMILTONIAN BY £ - p METHOD

The & - p method was used by Ando [31,42] to derive
the Dirac Hamiltonian in undeformed graphene taking only
into account the hopping integral to the first-neighboring
carbon atoms. Following Ref. [31], we derive the Weyl
Hamiltonian for uniaxial strained graphene considering first-
and second-neighboring hopping integrals. We start with Ehe
eigenprolzlem given by Eq. (7) where the functions ¥ 4(R4)
and Y p(Rp) are written as

Ya(Ra) = al(Ry)®a(Ra),
¥p(Rp) = bl (Rp)®s(Rp), (A1)

where the vectors a(ﬁ,,), b(ﬁg), ®A(I$A), and @B(ﬁg) are
given by

. o—ikP Ry . o—ikP Ry
a(Ra) = <e—il?D'~ﬁA>’ b(Rp) = <_e_,-,;u’_§3),
, FP(R4) , FP(Rp)
PR = 1 ), @Ry ={ 2 7). (A2)
Fy (Ry) Fg (Rp)
The left-hand side of Eq. (7) can be written, at R A, as

ea'(RAFA(Ry) =) g(F — Ra)a(Raa'(Ra)Fa(Ry),

R4
(A3)
where g(7) is a smoothing function satisfying
Y 8G—R)=) gF—Rp) =1,
Ra Rp
f(F)gF — Ra) = f(R)g(F = R). (A4)

f(#) is an envelope function [31]. These properties yield to

3 7 — Rt R
R

A
= X:g(i7 — Rp)e!®” K Rs ~
Rp

Zg(?—EA)a@A)aT(ﬁA):(é ?) (A3)

Ra
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which is reminiscent of the § function [31]. Equation (7) can
then be written, around the A site, as

£y g(F — Raa(Ry)a' (Ra)Fa(F)
%

3

= > 10" ¢ — Raa(Rab (Rp) F5G — 7))

=1 1§A
6
— 3103 g — Roa(Raa' (R — a)FaGF — ).
=1 Ra

(A6)

The left-hand side of Eq. (A6) reduces to ¢ F, A(ﬁ 4), and in the
right-hand side we set

L. . . 0 .
Fp(r — 7)) ~ Fp(r) — (Tl . ﬁ) Fp(r),

.. . .0
Fa(r —a;) == Fa(r) — (al "3

7

> Fa(r). (A7)

We then obtain

- = = = - ek 0
Zg(r — Ra)a(Ra)b'(Ry — 7)) ~ < 0 —e"’;D"ﬂ)'
R4
(A8)
Applying this term to F(F) in Eq. (A6) and summing over

[ gives rise to a diagonal term of the form (2cos6)1 = —%

t
which leads to a shift of the total energy.
The term (7 - &)Fp(7) in Eq. (A7), summed over / and
applied to Fp(r), gives

5 (5-2) (559
l Vor J\FP )

_ (tl—av/3sin0 k, +iacos6 k, —iat'(1+ €)k,]FE (7)
~ \ t[av/3sin@ k, +iacos6 k, —iat'(1+ ek, JFPY'F) |

(A9)
In Eq. (A6), the contribution of the first-neighbor hopping
integrals gives then rise to the following eigenproblem near

J

PHYSICAL REVIEW B 90, 125401 (2014)

the D point:
-\ kax _iwyky 0 N
eFA(F) = ( 0 weke 4wk, ) FBO- (A10
where  w, = +/3atsin6, wy = —tacosf +t'a(l +¢€)=
U+ 36)a ke = —ige, and ky = —ig.

For the second-neighbor hopping integrals, one has

Y 7L
E 8(r — Ra)a(Ry)a"(Ry — a;) = ( 4,;1)/,->
= 0 etk
Ry
(A11)

and

o= (L 0
Dt (dz : 1) = wocky, (A12)
- or
where wo, = 2+/3a(tyn, sin 20 + t., sino).
The electronic Hamiltonian, near the D and D’ points, takes
the form

D __ wakx
H =¢§ <kax +igw,k,

weky —iEwyk,
wakx

) (A13)

with & = + (—) atthe D (D’) point.
w, and w, can be expressed as a function of the strain

strength as
w, = +3atsing ~ 3ar(1+ Ze), (Al14)

wy = 31'(1+ 3€)a ~ 3ar(1 — 3e¢). (A15)

In graphene, Wy = /(%)2-{-(%)220.66 [35]. In the

present case, we have wg, = 0.

APPENDIX B: ELECTRON-PHONON
EFFECTIVE HAMILTONIAN

Regarding the effect of the lattice distortion on the hopping
integral [Eq. (18)], an extra term appears in the electronic
Hamiltonian [Eq. (A13)]. This term arises from the contri-

. . . ORI .
bution of the hopping-term correction %tdz in Eq. (7). This
contribution is of the form

ad; d

N - - - N 3 ([) T - . -
33" 4G — Raa(Ra)b(Ra — 7) (—’—) V2 (3) G Fp ()
1 ﬁA

e—i]zD“?[ O
B ; 0 —e‘ilzn/'f’

where the summation over / around the D point gives

l

where d; = a and we used the Harrison’s law [35]: ﬁ(

D = ) T
_e— kP [ _Zinn (L)
Z ¢ ( 3d1>f(dz>

(F)IE

)
g

)= —%. Here, w
dl

) =
—atﬂ> V2 (”) () Fy(P), (B1)

adj d

V2 <§_;> liwie, + whu,], (B2)

| =wy, —2et'a(l +€) > w(1 — fe). This

contribution gives rise to the effective phonon-electron Hamiltonian given by Eq. (21).
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