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It has been revealed that inversion symmetry breaking in graphene could induce non-trivial Berry
curvature, which leads to topologically protected valleytronic applications. Here, we propose an active
controllable way of realizing the inversion symmetry breaking of single layer graphene, which is induced
by the contrasted AB sub-lattice charge polarization. Our theory model indicates the split of in-plane
optical phonons (iTO/iLO) at I point is the direct result of inversion symmetry breaking in single layer

graphene. Density functional theory calculation was used to quantify the sub-lattice charge polarization
and the split of iTO/iLO phonons under the external in-plane electric field, which was further confirmed
by Raman spectroscopy. We believe that the method of symmetry manipulation by external in-plane
electric field advances fundamental comprehension for the inner mechanism of topological phase

transition of graphene.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Current studies in two-dimensional (2D) materials have
revealed that the non-trivial topological phase could lead to optical
and electrical properties like tunable bandgap [1], valley contrasted
circular dichroism [2], etc., which could be utilized for the appli-
cation of spintronic and valleytronic devices [3,4]. Berry curvature
[5] can be used to quantify the topological property of parameter
space. In the topological trivial parameter space, Berry curvature
should be zero everywhere, while in a topological non-trivial space,
it would have a non-zero value somewhere therefore some of the
adiabatic evolution paths of electrons could have non-trivial geo-
metric phases. Because the effect of the non-trivial geometric phase
is difficult to be measured directly, researchers proposed several
methods to reflect the effect of non-trivial topological property of
materials, like using angle resolved photoemission spectroscopy
(ARPES) to characterize the edge state of a topological insulator [6],
and to measure the anomalous quantum Hall effect [7], etc..
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Because of the high carrier mobility and convenient manipula-
tion of Fermi level and carrier density [8,9], graphene becomes a
potential alternate of novel semi-conductive material [10].
Although intrinsic graphene, due to its chiral symmetry between A
and B sub-lattices, is a topological trivial material, researchers have
developed kinds of methods to decrease the chiral symmetry by
breaking its time-reversal symmetry or inversion symmetry. The
former time-reversal symmetry breaking could lead to edge bands
cross the energy gap and make graphene as a topological insulator,
which often realized by applying a perpendicular magnetic field
into the single layer graphene (SLG) [11]. However, the weak spin-
orbit coupling in the graphene makes it difficult to induce and
detect the symmetry broken. To apply a perpendicular external
electric field is a common method to realize the breaking of
inversion symmetry for the double layer graphene [12]. For the SLG,
it needs to induce a staggered on-site energy on the sub-lattices,
which is often realized by adding substrates like hexagonal
Boron-Nitride [13] and SiC(0001) [14], however the manipulation
of substrates is lack of controllability.

In this letter, we propose an active controllable way to induce
the non-trivial Berry curvature and overcome the shortcoming of


mailto:zhyfang@pku.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2020.03.018&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
https://doi.org/10.1016/j.carbon.2020.03.018
https://doi.org/10.1016/j.carbon.2020.03.018
https://doi.org/10.1016/j.carbon.2020.03.018

64 B. Shi et al. / Carbon 163 (2020) 63—69

above chiral symmetry breaking methods by applying an external
in-plane electric field to break the inversion symmetry of SLG. This
method may break the single-layer graphene zero band gap,
making it semiconductor material, and even with the phenomenon
of valley polarization. That is, we may realize artificial valley
polarized materials by this method. The in-plane electric field
induced relative polarization of sub-lattice A and B changes the
symmetry at I’ point from Dgp to Doy, leading to the non-trivial
Berry curvature and a split of the degenerated energy level of iLO
and iTO phonons at I" point. We study the relationship between the
relative polarization and the split of the G peak analytically, and the
established relationship can be further directly measured by using
Raman spectroscopy, where the split of G peak actually represents
the change of the topological property of graphene, which is
induced by symmetry broken. We calculated the polarization
charge under the field using the method of density functional
theory (DFT) and carried out a specially designed experiment to
verify the existence of the in-plane electric field induced polari-
zation. We reveal that in-plane external electric field can be used to
break the chiral symmetry of intrinsic graphene and might make it
topological non-trivial material.

2. Theoretical section

2.1. Theoretical model: optical phonons split of SLG under electric
field

In the case of single layer graphene, the equations of motion in
the harmonic approximation are written in the form of [15,16].
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where superscripts k, k' note two sub-lattices A and B, and sub-
scripts i, j = X, y, z take three values corresponding to the space
coordinate, the vector ay and a, numerates the lattice cells. The
dynamic matrix (pf" can be taken in the following symmetric form:
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v (@n) = ;i (—@n),

because the potential energy is a quadratic function of the atomic
displacements u’i“(a,.) and u? (an).

Each atom, for instance Ag, shown in Fig. 1(a), has three first
nearest neighbors in the other sub-lattice, i.e. B with the relative
vectors

B =a(1,0), By3-a(-1,¥V3)/2,

and 6 s nearest neighbors in the same sub-lattice A with the relative
vectors

Ays = iCl<07 \/§), A3y = a( - 3,1\/§) /2,
A],6 = a<3,i\/§) /2,

where a = 1.42 A is the carbon-carbon distance.
For the first nearest neighbors (in the B sub-lattice), the
dynamical matrix has the form of
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and for the next nearest neighbors (in the A sub-lattice)

A0)+Z

<PSA( )= (Ax)exp(iqAx), (3)

where Ag is the atom chosen at the center of the coordinate system
in the A sub-lattice and the wave vector q is taken in units of 1/a.

To obtain the dynamical matrix, we use a transformation with
variables £, 1 = x + iy transforming under the rotation C3 around
the z-axis as follows (§, n) — (& m)exp (+2mi/3). In intrinsic gra-
phene, the honeycomb lattice has the symmetry of the point group
Dgh. But with an in-plane electric field, the symmetry breaks to D,y
which is generated by (oy, ). Since the complexity of the analysis
of the relative direction of the external field and the vector of the
lattice, to simplify the situation we assume the in-plane electric
field is along the vector ApB1. Considering the reflection by the xz
plane o, note <I>"‘17 (B1)=q, <I>‘?f7;(32)5a’, (D’?f(B])Eﬁ, o2 (By)=0,
oAA=o, WA=, A=, A=y, oPAy)=y,

2y (A3)= v, and we have 2t (Ag) = 0.

The force constant @’?A (Ap) can be eliminated with the help of
conditions imposed by i mvarlance with respect to the translations
of the layer as a whole in the x direction. Using the equations of
motion (1) and Eqn. (2) and (3), considering the symmetry of space
translation we have

B (Ag) + o+ 200 + 2y +27 +2y" = 0.

In the first and second nearest neighbor approximation, the
corresponding dynamical matrix for the in-plane modes has the
form

AB
AB [\ _ Py (q) <ng (Q) > s
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At the I' point, the cell of the dynamical matrix can be simplified
as
o)
2Red + 2Red + 2Red , pf5(I)

=B +2Ref, ofB(I)
b () =

Now we can get the optical phonon frequencies for the in-plane
branches at I" point, which are

= o + 2Req —a — 2Req .
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phonon frequency in cm™! is given by C = 1.18928 a1 [17].

Assuming that the electric field applied on graphehe isignorable
to the Hamiltonian of the intrinsic graphene, we can approximate
that the response of the phonon energy is linear to the strength of
the field, we can get the split of two branches of phonon is

The conversion constant from a force constant 1{: dy;/n;/m to a
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Fig. 1. (a) First and second nearest neighbors in the graphene lattice. (b) Polarization charge of graphene under external in-plane electric field. Yellow and cyan iso-charge surfaces
respectively represent charge accumulation and depletion at a value of 0.005e/A3. (c) Charge density difference of 16-ZGNR. The unit of color bar is (e/A%). (d) The polarization field
of graphene under in-plane electric field, the red curve indicates electric field intensity at different position of 16-ZGNR. (A colour version of this figure can be viewed online.)
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in which the wg is the energy of optical phonons in intrinsic
graphene. :

The force constants (Dﬁ‘f are defined as % [18], where u§ de-
notes the displacement of atom «. The forcé constants can be
calculated by using density-functional perturbation theory (DFPT)
[19,20] where the atomic displacement is taken as a perturbation
potential. Eqn. (8) can be rewritten as
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The atomic force constants azu(r)ﬂ are the second derivatives of

. . . quyd . .
the pair potential with respect to the atomic separations, taken at

the equilibrium positions. With finite polarization in graphene,
atoms in the A sub-lattice and the B sub-lattice have opposite po-
larization charge. We can note the effective polarization charge of A
sub-lattice as Qg With the linear response approximation, the
difference of force constants with/without electric field is linear
with the effective polarization charge which is linear with the

strength of the field. Expand the force constants with effective
charge, Eqn. (9) can be simplified as

> M) (10)
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2.2. Density functional theory (DFT) calculation

The ab initio method was used to calculate the polarization
charge of graphene under external in-plane electric field, which
confirms the breaking of intrinsic chiral symmetry of graphene and
the existence of staggered on-site energy on the sub-lattice A and B.
Calculations with the VASP package [21—24] were performed in a
16-ZGNR (zigzag graphene nanoribbon) [25—27] to analogize the
polarization of infinite graphene [28]. The electric field was
imposed perpendicular to the zigzag edge of the nanoribbon
supercell [29], shown as Fig. 1(a).

The calculation was performed by using a DFT code, Vienna Ab-
initio Simulation Package (VASP), within the local-density
approximation (LDA). Projector-augmented-wave (PAW) pseudo-
potentials were used. Plane waves with a kinetic energy cutoff E. of
650eV were used as basis sets and 83 irreducible k points (N = 83)
are sampled. Fig. 1(b) shows the calculation result of the polariza-
tion of carbon atoms under external in-plane electric field. Yellow
and cyan iso-charge surfaces respectively represent charge accu-
mulation and depletion at a value of 0.005e/A>. At the center of the
nanoribbon, the polarization is diminished by the screen effect of
the polarization charge at the edge. On the other hand, the polar-
ization charge of the atoms at the edges of the nanoribbon accu-
mulate by the configuration restriction. Because of the angle
between the orientation of the lattice and the external electric field,
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the atom of sub-lattice A appear a different polarization from the
atom of sub-lattice B. Since the external field induce a relative
polarization between two kinds of atoms, the intrinsic chiral
symmetry of graphene is broken. We also calculate the charge
density difference of 16-ZGNR, shown as Fig. 1(c), which confirms
the existence of staggered on-site energy on the AB sub-lattices.
Fig. 1(d) shows electric field intensity at different position of 16-
ZGNR. According to fig (c) and (d), it can be clearly seen that the
non-zero polarization charge appears at the place where the total
electric field is not zero [30,31]. The calculation results show that
under non-zero total electric field, there is a relative polarization
between the atoms of sub-lattice A and B.

To confirm that these matrix elements break the 6-fold sym-
metry of single layer graphene due to external in-plane electric
field and quantify the split of iTO/iLO phonons, we perform a force
constants calculation. As dziscussed in Eqn. (9), the force constants
@ﬁﬁ which are defined as auf]a(;)ﬂ, can be calculated by using density-
functional perturbation thlexofy (DFPT) approach with VASP pack-
age, which means the split of optical phonons can be calculated
according to Eqn. (9). The process of DFT calculation is: First, a full
geometry optimization is performed including the optimization of
the lattice constants using the VASP package. Once the optimized
structure is obtained, force constants of a 5 x 1 supercell of 16-
ZGNR can be calculated by using VASP-DFPT approach [32,33]. The
DFPT-calculation of force constants at the I' point in graphene
nanoribbons with/without in-plane electric field are performed.
The results of DFPT calculations show that the split of iTO and iLO
phonons in graphene is about 8 cm~! when the applied electric
field intensity is 1 x 10° V/m (refer to SI for calculation details).

3. Experimental results and discussion
3.1. Experimental details

CVD synthesized graphene was transferred to a silicon wafer
with a 300 nm thickness thermally grown silica layer. The designed
structure is schematically illustrated in Fig. 2(a) with corresponding
parameters are marked in Fig. S3(a) (refer to SI). The Raman spec-
trum of single layer graphene is shown in Fig. S3(b) (refer to SI).
Two electrodes and the zigzag circuit pattern (5 nm Ti/80 nm Au)

To Spectrometer
From Laser

PN W A 00N

were fabricated by using the E-beam lithography and following lift-
off process, which means that the two electrodes and the zigzag
circuit pattern make direct contact with substrate without gra-
phene between them. Square gold electrodes are both
80 um x 80 pm with a gap distance of 100 um. The polarization
charge of graphene induced by the external in-plane electric field
was conducted away by the zigzag Au electrodes, so that the screen
effect [34] could be reduced. The gap between graphene and zigzag
circuit pattern in the plane was about 3 nm due to the precision
limitation of sample processing technology. A DC electrical source
was used to exert external in-plane electric field on the sample. The
current was directly applied to the two electrodes and the zigzag
circuit pattern, which does not make direct contact with the gra-
phene. Therefore, the electron doping effect can be ignored. A
home-built spectrometer was used for obtaining Raman signal,
with an iHR550 Raman spectrometer from Horiba working with a
1200 g mm™~! grating. The objective lens is 50 x magnifications.
Each spectrum is acquired for 20 s, with the purpose of minimizing
the noise-to-signal ratio. The laser excitation was 488 nm. The
power of the excitation laser was less than 7.5 mW and the spot size
of the excitation laser on the sample is about 3 pm. When the
excitation laser was focused on the measurement points, the
spectra were collected until the energy and the intensity of G peak
or G" and G~ peaks became stable.

3.2. Results and discussion

Raman spectroscopy is often used to characterize the symmetry
of materials, since the vibration frequencies of modes reflect the
internal symmetry of the material [35]. G peak in Graphene Raman
spectrum corresponds to the two-fold degenerate E; mode pho-
nons (iTO and iLO) at the Brillouin-zone center (I" point) in recip-
rocal space [36]. When the Dg, symmetry at I" point is broken, the
degeneration of iTO and iLO phonons is eliminated and G peak
splits into two peaks, as G™ peak and G~ peak. Therefore, the G peak
is widely used to directly reflect the change in the symmetry of the
graphene, such as the situations of imposing strain [37], tempera-
ture [38] and molecular adsorption [39]. Since the split of G and
G~ peaks in the Raman spectrum reflects the symmetry broken of
the graphene, we can quantize the change of graphene topological
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Fig. 2. (a) Schematic illustration of the experimental set-up and the graphene sample structure. (b) The simulated in-plane electric field intensity distribution of the tested area. The
calculated ratio of the field intensity of the points are also marked. (c) Aw as a function of current for points 1, 2 and 3. The straight dotted lines fitting of the three points are also
shown with the purple, orange and pink dot lines. (A colour version of this figure can be viewed online.)
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property by measuring the split of two peaks.

To measure the effect of polarization charge induced phonon
split, an experiment is designed to verify the relationship between
external in-plane electric field and the split of iTO and iLO phonons.
Schematic illustration of the experimental set-up and the graphene
sample structure are shown in Fig. 2(a) with corresponding pa-
rameters are marked in Fig. S3(a). Fig. 2(b) shows the different local
electric field intensities estimated by the method of COMSOL
simulation [40], with three representative points marked specially.
In the condition of a macroscale current of 20 mA, the intensity of
the local electric field could be as large as about 5 x 10° V/m at each
corner of the gold structure, while in other places near the gold the
intensity is smaller. According to our theoretical results shown as
Eqn. (10), we can derive that the split which in the point 1 is the
largest, point 2 is smaller while point 3 is the smallest. And the
theoretical result is verified by Raman experiment which is shown
in Fig. 2(c). The split of G* and G~ peaks Aw, which is fitted by the
experiment data measured at the point of 1, 2, and 3, is shown by
dotted lines with different color for each point as a linear function
of current in Fig. 2(c). Among the three points, the Raman spectrum
of each special point at certain current intensity was measured
several times to get the average. Since the strength of current used
in the experiment is just proportional to the intensity of the
external in-plane field in microscale, Aw is proportional to the in-
tensity of external in-plane electric field. The slopes of three dashed
lines reflect the relative degree of split, that is, the one of point 1 is
the largest and the one of point 2 is smaller while point 3 is the
smallest, which agrees well with theoretical model.

To verify the theory further, we conduct a detailed analysis of
the experimental data. Black solid lines in Fig. 3(a) shows the G
peak of the point 1 as a function of the electric current which
ranging from O to 150 mA. The experimental result shows the G
peak is red-shifted with the increase of the current intensity. As the

Intensity(a.u.)
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in-plane electric field intensity increases in proportion to current,
the G peak is red-shifted with the increase of electric field intensity.
Besides, it shows an enlarged split of G~ peak and G* peak with a
rate of 1 wavenumber by 22 mA. The details of the other two points
are shown in Fig S (4). According to our COMSOL simulation results,
the intensity of local electric field could be as large as about
6 x 10° V/m when applied current strength is 150 mA. It can be
seen from Fig. 3(a) that the split of G peak is about 6.8 wave-
numbers when current strength is 150 mA, which means Aw is
6.8 cm~! when electric field intensity is about 6 x 10° V/m in our
experiment. As pointed out in DFPT calculation results, the split of
iTO and iLO phonons in graphene is about 8 cm~! when the applied
electric field intensity is 1 x 10 V/m, which indicates that the
calculation results are consistent with experimental results in
microscale. Because of the high quality of our graphene, the signal
of D peak is weak and hardly detected. In addition to the G peak, we
also performed the development of Raman spectra of the 2D peak
with the current intensity. The result shows that there is little
impact on the Raman spectra of the 2D peak as the current
increasing. The development of Raman spectra of the 2D peak with
the current intensity is shown in Fig. S5(refer to SI).

We demonstrate that the split of G peak is reversible by means
of electrically controlling. We measured the Raman spectrum of
single layer graphene with the applied current strength ranging
from 0 to 150 mA. Fig. 3(b) shows Raman shifts of G peak in single
layer graphene with current strength ranging from O to 150 mA.
The measurement results show that the G peak of graphene blue
shifts when current increases from 0 to 150 mA, and then red shifts
when current decreases to 0. It can be seen clearly that G peak splits
into G~ peak and G peak when current strength is 150 mA, and
then the split of G peak disappears when current strength de-
creases to 0, which implies the split of G peak is reversible by means
of applying an external in-plane electric field.

Intensity(a.u.)

1570 1580 1590 1600 1610 1620
Wave number(cm™)

Fig. 3. (a) Raman spectra (black) and fitting (red line, overlapped by two Lorentz line shape curves) of the point 1 with the current ranging from 0 to 150 mA. The green curve and
the blue represent the fitted G~ peak and G* peak, respectively. (b) Raman shifts of G peak in single layer graphene with current ranging from 0 to 150 mA. (A colour version of this

figure can be viewed online.)
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Thermal effect can be excluded in this experiment. Many pre-
vious researches show that the positions of G peak and 2D peak in
single layer graphene red shift as temperature increasing [41—43].
Because the G peak position blue shifts with increasing current and
the 2D peak position changes little, we can conclude that the
Raman shift in our experiment is unlikely caused by temperature.

We also studied the polarization dependence of the intensity of
G* and G~ Raman spectrum to exclude the existence of strain. The
split of G peak in single layer graphene can also be caused by strain.
The strain-induced G peak splitting exhibits polarization depen-
dence when detecting the Raman spectrum intensity of G* and G~
peak with linear polarized light. The intensity of G™ and G~ peak is
dependent on the angle between the incident light polarization and
the strain axis [37]. In this research, the inversion symmetry
breaking of single layer graphene is due to the application of an
external in-plane electric field, which induces the G peak splitting.
To exclude the existence of strain, we performed the polarization
measurements by rotating the angle between the incident polar-
ized light and the initial laser polarization axis. However, The result
of our measurements shows that the intensity of G and G~ peak
doesn’t change along with the angle (refer to SI Fig. S6), which
implies there is almost little polarization dependence. Therefore,
the split of G peak in single layer graphene is unlikely caused by
strain in this research.

4. Conclusions

In summary, we demonstrate that the relative polarization
charge can be utilized to manipulate the internal symmetry of
graphene, which the existence of the polarization charge is verified
by using the DFT calculation. A quantitative theoretical analysis
reveals that the split of G peak induced by inversion symmetry
breaking is linearly with the external in-plane electric field in-
tensity, which is verified by Raman experiment. The measured Aw
can reach 6.8 cm~! when the applied current strength is 150 mA.

We believe that the way of symmetry manipulation by in-plane
external electric field method and the corresponding Raman
spectroscopy method of characterization advance fundamental
comprehension for the inner mechanism of topological phase
transition of graphene. Furthermore, this research is referential to
application of topological non-trivial materials based on graphene.
It provides the possibility of studying artificial valley polarized
materials and a method to generate and measure a topological non-
trivial state of graphene by manipulate the symmetry of graphene
with sub-lattice contrasted polarization, which can be applied in
the realm of valley electronic devices and graphene based semi-
conductor devices in the future.

4.1. Methods

4.1.1. Graphene growth

Graphene film was synthesized on the surface of electrochem-
ically polished Cu foil (Alfa-Aesar #46965) in a low pressure CVD
(LPCVD) system equipped with a 1 in. Diameter quartz tube. Before
graphene growth, Cu foil was heated to 1020 °C and then annealed
under H2 atmosphere (100 sccm, ~100 Pa) for 1 h to eliminate the
surface oxygen and contamination. Then, rapid growth of large
single-crystal graphene was fulfilled via second passivation and
multistage carbon supply strategy.

4.1.2. Numerical simulations

The simulated in-plane electric field intensity distribution of
Zigzag circuit pattern was performed by using the finite element
solver (COMSOL). The simulation domain includes the structure
with perfect matched layers in the direction of applying a positive

electric field. The dielectric constant of Au and is 1 x 107 and the air
is 1. The physical field interface is the electric currents (ec), and the
intensity of the current applied on two electrodes is ranging from
0 to 150 mA.
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