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Abstract The modification such as introducing charge is an effective means to make the graphene applicable
in the field of electronic devices. In this paper, the first-principle calculation was performed to investigate the
electronic and phononic band structures as well as the electron-phonon interaction in a monolayer graphene
doped by small number of electrons or holes. It was found that, the charged graphene exhibits metallic
character due to the shift of Fermi level. The introducing charge did not affect the variation of bending in
graphene since the z-axis acoustic mode was unchanged. The abnormal softened phonon mode was observed
for electron-doped graphene. The electron-phonon coupling was constantly enhanced with the increasing of
charge concentration. It was concluded that, the carrier mobility in graphene can be improved since the doping

adjusts the longitudinal optical phonon frequency and results in a stronger electron-phonon interaction.
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1 Introduction

Carbon is one of the most intriguing elements
in the periodic dable and plays a unique role in
nature. It forms many allotropes, some known
from ancient times (diamond and graphite) and
some discovered 20 years ago (fullerenes and
nanotubes). Interestingly, the two-dimensional (2D)
form, graphene, recently attracting a great deal of
attention™. The 2D plane of carbon atoms arranged
in a honeycomb lattice is named as graphene which
is the first example of a truly 2D crystal and also
acted as ‘Mother’ of all graphitic materials™. With
the fundamental research and possible applications,
a graphene world has been opened™®.

The recent demonstration of a field-effect transistor
(FET) based on monolayer and few-layers graphene
sheets has boosted the interest in this system™" .,
In particular, by tuning the FET gate voltage V,, it
is possible to dope graphene by adding an excess
surface electron charge. The actual possibility of
building a FET with just one graphene monolayer
maximizes the excess charge corresponding to a
single atom in the sheet. In a FET-based experiment,
graphene can be doped up to 310" cm™? electron

[17:8] P
, corresponding, in a monolayer,

concentration
to a 0.2% valence-charge variation. The resulting
chemical-bond modification could induce a variation
of bond lengths and phonon frequencies of the same
order, which would be measurable. This would
realize the dream of tuning the chemistry, within an
electronic device, by varying V.

The graphene is a good system to investigate the
Kohn anomalies”?, since the variation of optical-

phonon frequencies in graphene is much larger

than 0.2% expected in conventional systems. At the

same time, the phonon frequency change induced
by FET doping could provide a much more precise
determination of the Kohn anomalies, with respect
to other experimental settings™. In addition, the
interaction between electron and phonon plays an
important role in understanding the high mobility
of graphene at room temperatures. For the
charged graphene, it remains an important open
question, though extensive investigations have
been done?*?**?| There is the obvious difference
between experimental and theoretical electron-
phonon interaction results. Especially for deep
understanding the charged graphene from theoretical
aspect, the variations in phonon frequency and
electron-phonon interaction based on the first-

principles calculations have been investigated.

2 Computational method

The calculations were performed, using
QUANTUM-ESPRESSO package®™. The exchange-
correlation energy was treated as local density
approximation (LDA), since the calculated phonon
frequency from LDA is better according to the

experimental value®"*

than from generalized
gradient approximation (GGA). We adopted the
Andrea Dal Corso-type ultrasoft pseudopotential
with a cutoff energy of 35 and 350 Ry for the
wave function and the charge density, respectively.
36X 36X 1 Monkhorst-Pack k-point grids with
Gaussian smearing of 0.02 Ry were used for the
phonon calculations at 6 X6 X1 g-point mesh, and
double k-point grids were used for calculation of
the electron-phonon interaction matrix element. The

2D graphene crystal is simulated using a supercell

geometry with the interlayer spacing of 8 A, 12 A,
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16 A and 20 A, respectively. The Fermi-energy (E;)
shift is simulated by considering an excess electronic
charge which is compensated by a uniformly charged
background. The electron number variation was set
to —0.06 e, —0.04e, —0.02eand —0.02e, —0.04 ¢,
—0.06 e corresponding to the decrease and increase
of electron number respectively, where e represents
the quantity of electrons. The maximum change

extent of doping electrons is about +9x 10" cm ™2,

3 Results and discussion

For the zero-doped graphene, the optimized lattice
constant (~2.44 A) in plane is slightly less than
GGA result (~2.46 A)PY with the distinction
of 0.8%. The difference of lattice constants
obtained from LDA and GGA is also observed
in other materials. The doping results in the
change of Carbon-Carbon (C-C) bond lengths,
accompanying the variation of lattice constants in
plane. The C-C bond becomes long due to adding
electrons into the graphene, on the contrary, the
C-C bond shrinks because of taking electrons out
from the graphene. For instances, the C-C bond
length for zero doping is 1.409 A, it is 1.406 A
for the doping of —0.06 e, and it is 1.414 A for the
doping of X 0.06 e, as the vacuum is set at 16 A. With
the electron concentration change of 310" cm ™2,
the lattice constant variation in plane is about +0.1%.
It is well-known that a direct zero band gap is
between bands crossing at each corner K (K') point
of the 2D hexagonal Brillouin zone. The charge
doping induces the shift of energy bands. The
Dirac point is below the E; after adding electrons,
on the contrary, the Dirac point is just above the

E: after subtracting electrons. Comparing with the

zero-doped semimetallic graphene, these charged
graphenes exhibit metallic character. The density
of states at Ep appear large variation. The typical
electron concentration obtained in experiments™’®
corresponds to an important Fermi energy shift
~0.6 eV. For this shift, the linearized bands are
still a good approximation®,

Fig. 1 presents the variations of phonon frequency
of longitudinal optical /transverse optical (LO/TO)
mode at 7" k-point with the doping. The calculated
zero-doped phonon frequency is 1 591 cm ',
which is unchanged with the interlayer distances.
This frequency obtained from LDA is slightly
different from previous theoretical and experimental
values®*. Tt is closer to 1 590 cm ™" of graphite™,
but larger than 1 554 cm™ ' of graphene from
GGAP**U The lattice parameter variation is
important, since it nearly doubles the frequency
shift. As mentioned above, thus big phonon
frequency of 1 591 cm ' is just due to the smaller
lattice constant induced by LDA than GGAP. From
Fig. 1, the phonon frequency increases with the
increase of hole number relative to neutral graphene,

while the phonon frequency decreases with the
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Fig. 1 The shift of phonon frequency of LO/TO branches at

I k-point with the variation of net charge
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increase of electron concentration in graphene. A
monotonous decrease relation of phonon frequency
on the doping concentration is observed, which is
different from the experimental result"”, especially
for the electron-doped case. When doping electron
in graphene, a softening G phonon is obtained in
our result, while G phonon becomes hardening as
doping electron into graphene at experiment™’. In
particular, the G phonon stiffness changes from
softening to hardening in the bilayer graphene as

15-18 . :
(1528 The same variation

carrier density increases
trends were observed in monolayer graphene and

billayer graphene, which means that the difference
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between experiment and theory does not come from
the interlayer coupling interactions. By comparing
the sample size, we find that the possible reason
is from the difference of system sizes between
experimental and theoretical observations. In our
calculation, the graphene is a real plane due to the
size below nanometer. In experimental study, on the
contrary, the size of sample is far bigger than that of
simulated system. The bending or folding will occur
when the size of graphene is big enough, which
introduces some new phonon modes such as bending
mode. This bending or folding mode increases with

the increase of carrier concentration. As a result,
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Fig. 2 The phononic band structure for different charge concentrations
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the phonon hardening, a different phenomenon
from theoretical simulation, was observed from
experiments.

Furthermore, the phononic band structure along
special K points for doping —0.06 e, —0.02 e, +0.02 e,
and +0.06 e are shown in Fig. 2. It is found that
the phonon frequency variation induced by doping
mainly occurred at LO and TO two optical branches.
The longitudinal acoustic (LA), transverse acoustic
(TA), and z-axis acoustic (ZA) three acoustic modes
as well as z-axis optical (ZO) mode have not visible
change with doping. Among these six phonon modes
of LO, TO, ZO, LA, TA, and ZA, the ZA mode is
described as the transversal polarization out-of-
plane. In general, the phonon frequency for such
mode increases when the in-plane lattice parameter
is increased, contrary to the usual behavior, since
upon stretching atoms in the layer will be less free to
move in z direction (just like a string that is stretched
will have vibrations of smaller amplitude and higher
frequency). And the thermal contraction was found
to be greatly reduced with respect to graphene,
comparing with graphite®™. Thus ZA mode results
in a big oscillation out-of-plane. The ZA mode is
also called as bending mode. In fact, graphene is a
flexible membrane embedded in three-dimensional
space®. The doping from holes to electrons makes
the in-plane lattice constant somewhat become big.
However, the phonon frequencies for three acoustic
modes are almost unchanged. Clearly, the doping
does not induce the variation of bending in graphene.
Interestingly, the variation of in-plane lattice constant
is not responsive to the unchanging of phonon
frequency of long-wave acoustic modes (especially
for LA mode), which indicates that a unusual

phenomenon of phonon softening is observed in this

charged graphene.

The visible increase of phonon frequencies
for LO and TO optical modes is observed when
doping holes into graphene, while the frequency
decrease is formed in electron-doped systems, as
shown in Fig. 2. Our results differ from previous
report in which the phonon frequency is increased
when adding electrons into graphene™. The lower
optical phonon frequency corresponds to the bigger
in-plane lattice constant. After doping, the coupling
between electric-magnetic fields and optical modes
induces the dispersion variation of optical phonon
branches and influences the optics properties of
graphene.

We have also investigated the electron-phonon
interaction in the doped graphene. The electron-
phonon coupling constant variation with the doping
is shown in Fig. 3. A monotonously increased
electron-phonon coupling constant is obtained
during the doping electrons, which is in good
agreement with that in previous reports”>*, The
electron-phonon interaction of graphene doped

by holes also enhances with the increase of holes
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Fig. 3 The variation of electron-phonon coupling constant 4
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concentration, which has no references to compare.
However, the electron-phonon interaction is also
still opened question due to the Dirac point at K.
The interaction mainly results from electrons and
three optical modes (LO, TO, and ZO) in doped
graphene, especially the role of LO and TO
modes. The vibration of optical phonon modes
forms a polarized electric field. This field can
makes frequency of LO phonon higher than that
of TO phonon. And this field also interacts with
conductive electrons which is stronger than the
interaction between LA phonon and conductive
electrons. Hence, the carrier mobility is mainly
affected by the interaction between LO phonon and
conductive electrons. The carrier mobility will been
improved by doping charge since the doping can

tune the frequency of LO phonon.

4 Conclusions

In the presented paper, the in-plane lattice parameter,
electronic band structure, phonon frequency, and
electron-phonon interaction in charged graphene
have been investigated theoretically. During the
whole doping, the in-plane lattice constant increases
with the increase of electron concentrations, with
a high Fermi energy more and more. The doped
graphenes exhibit metallic character. The doping
does not affect the variation of bending in graphene
since the ZA mode is unchanged. The softened
phonon mode is observed when adding small number
electrons into graphene. The electron-phonon
coupling constant monotonously increases with
the doping concentration. The doping can possibly
improve the carrier mobility in graphene due to the

interaction between electron and LO phonon.
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