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Probing Strain-Induced Electronic Structure
Change in Graphene by Raman Spectroscopy
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ABSTRACT Two-phonon Raman scattering in graphitic materials provides a distinctive approach to probing the material’s electronic
structure through the spectroscopy of phonons. Here we report studies of Raman scattering of the two-dimensional mode of single-
layer graphene under uniaxial stress and which implicates two types of modification of the low-energy electronic structure of graphene:
a deformation of the Dirac cone and its displacement away from the K point.
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raphene’s extremely high electron mobility,"?

scalability,”* and excellent thermal conductivity®

make it a promising candidate for next generation
electronic devices. Because strain has been successfully
utilized to modulate the band gap of single-wall carbon
nanotubes,®”® it is natural to explore whether strain can
be used to modulate the electronic structure of graphene
in a useful way. In fact, recent theoretical studies predict
that moderate uniform uniaxial strain shifts the Dirac
cones at the K and K’ points in opposite directions,””""
introducing a pseudomagnetic field'? that be used to
generate structures such as electron lenses and one-
dimensional (1D) channels.'”> Furthermore, inhomoge-
neous strain can induce a zero-field quantum Hall effect
and open a band gap, a critical requirement for some
applications. A second effect of strain is a reduction in
the Fermi velocity; anisotropic strain should break the
cylindrical symmetry of the Dirac cone.

Raman spectroscopy is a key diagnostic tool to identify
single-layer graphene sheets'* and monitor carrier den-
sity,'>'® defects,'” and strain.'®'? The intervalley two-
phonon mode (2D), which involves scattering of electron—
hole pairs between neighboring Dirac cones, is particularly
sensitive to the electronic bandstructure: changes in the
separation of the Dirac points or in the electronic dispersion
within each cone will alter the momentum, and therefore
energy, of the 2D mode phonons. For instance, the 2D mode
displays a single peak in single-layer graphene and splits into
four in bilayer graphene, reflecting the evolution of the
electronic structure. Therefore, to probe the effects of strain
on the electronic bandstructure of graphene, we investigated
the behavior of the 2D mode as a function of uniaxial strain.
Because the effects of strain depend on the orientation of
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the graphene lattice, samples with different orientations
were used, and two samples, with “zigzag” and “armchair”
orientation, were studied in detail. Furthermore, because the
absorption cross section is highly anisotropic,”® the polariza-
tion of the 2D mode was studied. Finally, the excitation
energy dependence of the 2D mode was used to probe the
strain-induced anisotropy of the Dirac cones.

The sample fabrication method has been described previ-
ously.'? Briefly, we mechanically deposited graphene onto
a Si/SiO, wafer by the standard “Scotch tape” method.?'
After suitable single layer graphene flakes were identified,
they were transferred onto a flexible PDMS (poly(dimethyl-
siloxane)) substrate. To prevent slippage, Ti strips were
evaporated onto the graphene through a shadow mask.
Controllable uniaxial stress was applied on the graphene by
three-point bending of the substrate. Finite element analysis
shows that this uniaxial stress results in roughly uniaxial
strain.'? For the Raman measurements, we employed a
confocal configuration with laser wavelength of 532 nm
(except for measurement of excitation energy dependence).
The objective was 100x with NA = 0.95. The laser beam
was linearly polarized, and the strained graphene sample
could be freely rotated relative to the beam polarization.

The G mode Raman spectra, which we and others have
previously studied in detail,'®'® were used to characterize
the sample orientation and calibrate the strain. The orienta-
tion of the lattice relative to the strain direction was deter-
mined by measuring the polarization of the G mode under
strain; the two samples used for this study were found to
have zigzag and armchair orientation (i.e., zigzag and arm-
chair edges parallel with the strain direction, respectively),
within an uncertainty of 2° (see Supporting Information).
We used our previously measured values of —12.5cm™'/%
and —5.6 cm™!/ % for the shift rates of the G~ and G modes
to calibrate the strain in the graphene. We note that there is
currently disagreement in the literature about the correct
values for these shift rates,'®'®!? but the strain can be
recalibrated when the shift rates are precisely confirmed.
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FIGURE 1. Splitting of the 2D mode of graphene under uniaxial
strain. Evolution of the spectra of 2D mode of graphene, which were
taken with the incident light polarization (P) parallel with (left,
parallel case) and perpendicular to (right, perpendicular case) the
strain axis (€), with different strain (the background of the spectra
are equally shifted and their intensities are scaled) for the zigzag
sample (a) and armchair sample (b). The first spectrum from the
zigzag sample and the spectra of the perpendicular case from the
armchair sample are fitted by a single Lorentz peak; the other
spectra are fitted by double Lorentz peaks (overlapping smooth
curves).

Figure 1 shows the evolution of the spectra of the 2D
mode with strain for the zigzag and armchair samples. For
each strain level (except zero), two spectra were taken: one
with the incident light polarization P parallel to the direction
of the strain & (the parallel case), and one with P perpen-
dicular to € (the perpendicular case). For the zigzag sample,
each spectrum shows two distinct peaks, which we denote
by 2D* and 2D~, according to their energies. The 2D~ is
dominant for the parallel case, and the 2D* peak is dominant
for the perpendicular case. However, the two cases are not
symmetric: the remnant 2D* peak intensity for the parallel
case is smaller than that of the 2D peak in the perpendicular
case. For the armchair sample, the perpendicular case
displays a single symmetric peak under all strain levels; its
width increases with strain, which is consistent with previous
reports. However, in the parallel case under high strain, the
peak shows clear asymmetry, which can be understood as
partially developed splitting. Samples with intermediate
(neither zigzag nor armchair) orientation showed strain-
induced broadening, but not clear splitting. These results
help explain why the splitting of the 2D peak has not been
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FIGURE 2. Dependence of the Raman spectra on the sample orienta-
tion. The evolution of Raman spectra of the 2D mode of graphene
under constant uniaxial strain with the angle (¢) between the
incident light polarization and the strain axis for the zigzag (a, £ =
3.8%) and armchair (b, € = 2.6%) sample (The background of the
spectra are equally shifted and their intensities are scaled.) The
spectra are fitted by double Lorentz peaks (smooth overlapping
curves).

previously reported: it is only clear when large strain is
applied along high-symmetry directions.

For the zigzag sample, the 2D* and 2D~ shift rates are
—16.3 and —29.7 cm™!/% . For the armchair sample, these
shift rates are —21.7 and —30.5 cm™!/%. This previously
undetected variation with sample orientation and light
polarization could account for a good deal of the discrepancy
between 2D shift rates previously reported by different
groups,”'®!'? and also indicates that measurement of the 2D
mode alone is not sufficient to determine the strain state of
a sample.

Next, the direction of the polarization was varied for a
fixed strain in order to study the evolution of the 2D mode
from the parallel case to the perpendicular case. Figure 2
shows the dependence of the 2D spectra on the angle ¢
between P and & for the zigzag sample (¢ = 3.8%) and
armchair sample (¢ = 2.6%). In both cases, the spectral
weight shifts from the 2D~ peak to the 2D* peak as ¢
increases from 0° to 90°, while the peak positions remain
fixed. For the zigzag sample, the peak splitting is clear in all
of the spectra. However, the two peaks do not evolve equally
with changing ¢: the 2D~ peak retains about half of its
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FIGURE 3. Polarization analysis of the Raman spectra of the per-
pendicular and parallel case for the zigzag and armchair sample.
The spectra were taken with the out-going analyzer angle with
respect to the incident light polarization at 0°, 45°, and 90°.

maximum intensity at ¢ = 90°, but the 2D" peak almost
disappears at ¢ = 0; the two peaks have the same intensity
near ¢ = 60°. For the armchair sample, the splitting of the
2D peak is not as obvious, due to the lower strain in the
sample and the smaller splitting rate, but the frequency and
shape change can be clearly observed. The 2D peak disap-
pears at ¢ = 90°, but the 2D* peak still has about half of the
maximum intensity at ¢ = 0°; the two peaks have the same
intensity near ¢ = 30°.

The polarization of the scattered light was next studied
using an analyzer. Figure 3 shows the spectra for the two
samples at different angles y between the incident and
scattered light polarization. The samples and strain levels
were the same as those used above. For the parallel case of
the zigzag sample (Figure 3a), the spectrum decreases in
intensity with increasing ¥, but the shape remains the same,
which is similar to the 2D mode from undeformed
graphene.?? However, for the perpendicular case (Figure 3b),
the intensity of the 2D* peak decreases with increasing ,
nearly vanishing at 1 = 90°, and the intensity of the 2D~
peak increases (see Supporting Information for two peak
fitting). As a result, the 2D~ peak dominates the spectrum
at ¥ = 90° and the shape is similar to that of the parallel
case. For the armchair sample, the situation is opposite: with
Y increasing, the spectra from the parallel case become
similar to the perpendicular case, while the spectra from the
perpendicular case retain the same shape.

We now turn to interpretation of the experimental results.
In particular, we focus on the magnitude and polarization
dependence of the mode splitting, which is consistent with
the predicted strain-induced motion of the Dirac cones.

Figure 4a shows the basic processes involved in 2D mode
Raman scattering. Although the scattering event is an in-
stantaneous process, for the purposes of analysis it is typi-
cally broken down into the following discrete steps:'”?>~°
(i) incident light excites an electron—hole pair around a Dirac
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FIGURE 4. Raman scattering processes of the 2D mode in graphene.
(@) Raman scattering along high symmetry direction ('—K—M—K’'—T)
between two nearest Dirac cones at K and K’ points associating with
electronic dispersion. The scattering processes involve electron—hole
pair excitation by an incoming photon (i), electron/hole inelastic
scattering by phonons (ii), and electron—hole recombination and
photon emission (iii). The q denotes the phonon wave vectors. (b)
Three Raman scattering paths (arrows labeled by 1, 2, 3) from the
Dirac cone at K point to the three nearest Dirac cones at K’ points
(circles). The dashed red and green circles indicate the strain induced
movement of the Dirac cone for the zigzag and armchair sample,
respectively. The double headed arrows show the strain directions.

cone; (ii) the pair undergoes inelastic scattering to a neigh-
boring Dirac cone by emitting two D mode phonons in the
vicinity of the K point; (iii) the scattered pair recombines to
emit a photon. From theory, the scattering in process (ii),
which can occur between the Dirac cone at the K point and
its three nearest neighbors at K’ points (labeled as paths 1,
2, and 3, Figure 4b), occurs mainly along high symmetry
directions®*® (F—K), and thus involves phonons with mo-
mentum just inside (inner loop) or outside (outer loop) the
K point. The observation of a single peak of the 2D mode in
undeformed graphene indicates scattering through a single
path, which has been attributed to the outside loop.'**”
However, as detailed below, we find that our observations
are consistent with scattering via the inside loop.

Both tight-binding and ab inito calculations predict move-
ment of the Dirac points with strain.'""*® An extended tight
binding model® produces an analytical expression for the
shifts; a modified version of the original theory that includes
internal sublattice relaxation shows quantitative agreement
with experiments on single-wall carbon nanotubes.® For
graphene subject to uniaxial strain ¢ at an angle 0 relative
to the x axis of the crystal reference system, the modified
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tight binding model predicts a displacement of the Dirac
cone from the original (unstrained) K point®®

AR = 05711

e(cos 201 — sin 2607) (1)

Ac—c

where v is the in plane Poisson ratio and ac—c is the bond
length. The Dirac cones at the K’ points shift opposite to
those at the K points to preserve time-reversal symmetry.
Figure 4b displays the displacements of the Dirac points for
uniaxial strain along the zigzag and armchair directions. The
displacement rate can be expressed as 60 meV/% due to
the linear energy dispersion near the Dirac point.

Within this model, it is straightforward to understand the
effects of strain on the 2D mode. The D mode (TO branch)
phonons show a minimum in energy at the K point,® so a
shift in a scattering path due to strain-induced Dirac point
motion away from the K point will increase the correspond-
ing 2D mode energy, while a shift toward the K point will
reduce the energy. For the zigzag sample (Figure 4b), strain
causes path 1 to contract, moving the path 1 phonon away
from the K point and toward higher energy; paths 2 and 3
lengthen, moving the phonons toward the K point and lower
energy. Therefore, path 1 gives rise to the 2D* mode and
paths 2 and 3 give rise to the 2D mode. For the armchair
sample, path 1 lengthens and produces the 2D~ mode, and
paths 2 and 3 contract and produce the 2D mode.

The polarization experiments allow us to verify the as-
signment of the specific paths to the 2D~ and 2D* modes.
The cross section to excite an electron—hole pair with the
electron’s (hole’s) momentum Kk (measured from the Dirac
point) by light with linear polarization P is proportional to
|k x P|?,2°7° so that light strongly excites electron—hole
pairs with momentum of the electrons (holes) perpendicular
to the polarization. The same situation occurs for light
emission. Therefore polarized light can select for individual
scattering paths. For instance, for the zigzag sample (Figure
4b), vertically polarized light (the perpendicular case) favors
path 1 and produces the 2D peak. Likewise, the parallel
case (horizontal polarization) favors paths 2 and 3, which
produce the 2D~ peak. For the armchair sample, the behav-
ior is reversed: the parallel case favors path 1, which
produces the 2D~ peak, and the perpendicular case favors
paths 2 and 3, which produce the 2D" peak. These predic-
tions are in agreement with the experimental data (Figure
1). Finally, we note that the results rule out significant
scattering via the outside loop in Figure 4a: due to the
symmetry of the TO mode around the K point, scattering
via the outside loop would produce splitting in the opposite
direction.

A more quantitative analysis of the behavior of the 2D
peaks can be obtained by decomposing the behavior into
phonon softening and electronic modulation. As discussed
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elsewhere,'”?! for the phonons at (G mode) and near (2D’
mode) the T" point, the carbon atoms vibrate along the
same direction, so it follows naturally that the softening
of these modes is sensitive to the strain direction. On the
other hand, the TO phonon associated with the 2D mode
is near the K point, where it becomes a “breathing”
mode.’” Due to its cylindrical symmetry, the softening of
this mode should be much less sensitive to the direction
of strain. Therefore we assume that the TO phonon
softening rate Awyy, is orientation-independent. For the
zigzag and armchair cases, the electronic change for paths
2 and 3 will be half of that of path 1, which we denote by
Aw.. As a consequence, the shift rates for the 2D~ and
2D" mode of the zigzag and armchair samples can be
expressed as

Aw, = Ao, — 0.5A0, Ao = Aoy, + Ao,

(2)

Aw,

= Aoy, — Ao, Aw," = Aw,, + 0.5Am,

Equation 2 predicts Aw,” > Awa™ andAw,” > Awa™, as
observed. More quantitatively, it predicts a splitting rate
of 1.5Aw. for both modes. Aw. can be calculated from
the shift rate of the Dirac cone: 60 meV/% x 93 cm™'/eV
=5.6cm™!'/%, where 93 cm™!/eV is the excitation energy
dispersion of the 2D mode, to give a splitting rate of
8.4 cm™!/%, which is in a good agreement with the value
of rate of 8.8 cm™!/% measured for the armchair sample,
but somewhat smaller than the value from the zigzag
sample, 13.4 cm™'/%. This deviation is not understood
yet, but may be due to strain-induced anisotropy of the
Dirac cones. Using the theoretical value for Awe, Awyy is
—21.9,—26.9, —24.5,and —24.9 cm™'/% for the 2D* and
2D™ modes of the zigzag and armchair sample, respec-
tively, with an average value of —24.6 cm™!/%. The good
agreement between the four values indicates that the
theory matches the experimental results reasonably
well.

The model is also consistent with the lack clear splitting
for less symmetric samples. For a general case, the 2D mode
should split into three peaks which originate from the three
different paths, and each peak should show different polar-
ization properties. However, the triple peak is difficult to
observe under current sample configuration due to the peak
widths and the typical limit of 3—4 % breaking strain in this
configuration.

We now turn to the sample orientation dependence.
For the zigzag sample, as discussed above, scattering path
1 produces the 2D* peak and paths 2 and 3 produce the
2D peak. For an arbitrary sample orientation angle ¢,
the intensity of the Raman signal from each path is
proportional to the absorption cross section: |k x P|?.
Consequently, the intensity for the 2D* and 2D~ peaks
can be derived as
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This model shows good agreement with our experimental
results (Figure 2a) (see Supporting Information). In par-
ticular, with increasing ¢, the intensity of the 2D" peak
increases and that of the 2D™ peak decreases; the inten-
sity of the 2D* peak is suppressed at ¢ = 0°, the 2D and
2D” peaks have equal intensity at ¢ = 60°, and the
intensity of the 2D~ is half of that of the 2D" ¢ = 90°.
Similar calculations for the armchair sample also success-
fully reproduce the experimental findings (see Supporting
Information).

The polarization of the scattered light can be understood
by considering the anisotropy of both light absorption and
emission. The intensities of the 2D and 2D~ peaks for the
zigzag sample are then

17" o< sin® ¢ sin’(¢p + )

;e (Si“Z(Z?ﬂ 9 sz(%n —o-vt

w2 = o2 - 0]

For the parallel case (¢ = 0°), the 2D* peak is always
suppressed and the intensity of the 2D~ peak decreases with
increasing v, consistent with our experiment results (Figure
3a). For the perpendicular case (¢ = 90°), the intensity ratio
of the 2D* to 2D~ peak is 8:1, 4:2, and 0:3 for y = 0°, 45°,
and 90°, respectively, which successfully reproduces the
data shown in Figure 3b. For the armchair sample, the
theoretical results also match our experimental data (see
Supporting Information).

A second effect of strain on the electronic bandstructure
should be a decrease in the Fermi velocity due to a reduction
in the m-orbital overlap. Under uniaxial stress, the Fermi
velocity should decrease along the strain axis and remain
almost the same at the perpendicular direction; thus the
Fermi surface should change from circular to elliptical.'! To
probe this effect, we studied the dispersive behavior of the
split 2D mode for the zigzag sample at a strain level of 2.6 %.
The 2D* and 2D~ modes shift linearly with laser energy, with
slopes of 106 and 99 cm™!/eV; the dispersion is 93 cm™'/eV
for the unstrained sample. (See Figure s4 in Supporting
Information.) For the model described in Figure 4, the shift
rate is given by

dw,, v

phonon

Vg

= ®)

da)laser
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where, w,p is the Raman shift of the 2D mode, wss; is the
frequency of the excitation photon, Vynenon IS the phonon
group velocity, and v is the Fermi velocity of the electron
near the K point. The slopes of the split 2D modes are greater
than that of unstrained graphene, which is consistent with
a decrease in Fermi velocity with strain. Moreover, assuming
that the phonon velocity is independent of the strain direc-
tion, the different dispersion of the 2D and 2D~ modes
directly reflects the anisotropy of the Fermi velocity. The
greater shift rate of the 2D* mode indicates a lower Fermi
velocity for electrons with wavevector parallel to the strain,
as expected. We observed similar effects for the armchair
and other samples. More precise measurements of the
phonon band velocity under strain will permit quantitative
measurement of the strain-induced change in Fermi velocity.

In a summary, the 2D Raman mode of graphene under
uniaxial stress was studied systematically. For two special
cases, the stress is along zigzag and armchair directions, the
2D mode splits into two distinct submodes (2D, 2D7),
which directly reflects the strain-induced Dirac cone shifts.
The intensities of the submodes show strong dependence
on both incident and scattered light polarization and the
sample orientation, which clearly uncovers that the sub-
modes originate from different scattering paths. Further, the
excitation energy dependence of the submodes reveals the
anisotropy of the Fermi velocity of the associated electrons.
In addition, our results provide new insight into the scatter-
ing process of the 2D mode.
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